
NASA CR-111800 

/i)7/-350 83 
Final Report 

LOW-COST ABLATIVE HEAT SHIELDS 
FOR SPACE SHUTTLES 

By Hue1 H .  Chandler 

D i s t r i b u t i o n  o f  t h i s  r e p o r t  i s  provided i n  
t h e  interest  of information exchange. Re- 
s p o n s i b i l i t y  f o r  t h e  con ten t s  r e s i d e s  in 
t h e  au tho r  o r  o r g a n i z a t i o n  t h a t  prepared i t ,  

FOR U.S. GOVERNMENT AGENCIES AND THEIR CONTRACTORS ONLY 

Prepared under Cont rac t  No. NAS1-9946 by 
MARTIN MARIETTA CORPORATION 

Denver, Colorado 80201 

f o r  

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 



NASA CR-111800 

Final Report 

LOW-COST ABLATIVE HEAT SHIELDS 
FOR SPACE SHUTTLES 

By Hue1 H. Chandler 

D i s t r i b u t i o n  o f  t h i s  r e p o r t  i s  provided i n  
t h e  i n t e r e s t  of i n fo rma t ion  exchange. Re- 
s p o n s i b i l i t y  f o r  t he  con ten t s  r e s i d e s  i n  
t h e  au tho r  o r  o rgan iza t ion  t h a t  prepared i t .  

FOR U.S. GOVERNMENT AGENCIES AND THEIR CONTRACTORS ONLY 

Prepared under Contract No. NAS1-9946 by 
MARTIN MARIETTA CORPORATION 

Denver, Col orado 80201 

for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 



FOREWORD 

This r e p o r t  is  submit ted i n  accordance w i t h  P a r t  IV-C-8 of t h e  s ta tement  of 
work f o r  Contract  NAS1-9946. 

The r e p o r t  is t h e  r e s u l t  of a t e a m  e f f o r t  i n  c l o s e  cooperat ion w i t h  t h e  
NASA Technical  Monitor, M r .  Claud Pittman. The Mart in  Marietta Corporat ion e f -  
f o r t  w a s  managed by M r .  Daniel  V .  Sa l l i s  and d i r e c t e d  by M r .  Hue1 H. Chandler. 
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LOW-COST ABLATIVE HEAT SHIELDS 

Nylon-phenolic Elastomeric 
$125.86 .$147.07 
$ 78.26 $ 90.13 
$ 58.85 70.50 

FOR SPACE SHUTTLES 

By Hue1 H. Chandler 
Vartin Marietta Corporation 

SUMMARY 

This report presents the results of a study performed under Contract NAS1-9946 
to determine the cost of fabricating replaceable ablative heat shield panels. 
Curved and flat, 2x4-ft panels were fabricated from four ablative compositions 
using processes developed under this study. Time studies were conducted to esti- 
mate the cost of fabricating panels of various configurations and lot sizes, 
based on one, 10, and 100 flights. Panel costs varied from a high of $296.66 per 
square foot for a double-contoured, 2x4-ft panel made of 67% silicone resin and 
33% phenolic Microballoons to a low of $48.96 per square f o o t  for 4x6-ft panels 
composed of 90% Microballoons and 10% silicone resin. Table 1 list the cumulative 
average cost for a space shuttle vehicle using all nylon-phenolic or all elas- 
tomeric ablative panels. 
study. 

Figure 1 depicts the cost breakdown determined in this 

TABLE 1 

AVERAGE VEHICLE COST PER SQUARE FOOT FOR ABLATIVE PANELS 



Manfactur ing 
58% 

Figure 1, - Cost Breakdown f o r  Low-Densi ty, 
2x4- f t ,  F l a t ,  Elastomeric Ab la t i ve  Panel 
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INTRODUCTION 

Ablative heat shields provide the most reliable thermal protection system 
for entry vehicles. Experience has shown that flight safety can be best achieved 
by using ablative panels, rather than coated refractory-metal TPS panels. Thus, 
ablative materials will play an important role in the thermal protection system 
for the Space Shuttle, Present estimates are that they could be used over 10 
to 20% of the surface of the orbiter (figs. 2 and 3 ) .  But to be economically 
feasible, the high cost of ablative heat shields must be reduced significantly. 

The study described in this report was conducted to establish a relistic cost 
estimate of ablative panels based on actual fabrication times of typical panels. 
From these, times and material usage cost estimates were made using normal esti- 
mating procedures so that the results would respresent a valid production cost, 
and in effect, an actual quote. The following ground rules were used to estab- 
lish the cost estimates. 

1. 

2 .  

3 .  

4 .  

5. 

6. 

7. 

8. 

The ablative panel design has already been fixed in a previous development 
phase, and the same process procedures used to fabricate the test panels 
will be used for the production panels. 

Manufacturing processes will be improved during the production run, but no 
automation will be included. 

All costs are based on August 1970 labor rates for forward pricing. No 
economic adjustments are added to reflect future costs. 

Panel costs are exclusive of travel, computer, overtime, and any contract 
data requirements. 

All costs are exclusive of any fee or profit. 

Only all nylon-phenolic or all elastomeric ablative panels will be used on 
the vehicle. 

The production rate used to establish tooling and shipping costs is one 
vehicle per month. 

The panel distribution assumed for a typical vehicle is listed in Table 2. 

3 



% Area that  does not exceed T 

Figure 2.- Maximum Temperature vs Percent Surface 
Area for  Space Shuttle Orbiter 

T - 800°F 

800 < T < 1800°F 

1800 T < 2400°F -=A = 2400 < T 2 3000°F 

Figure 3.- Isotherm Profiles for  Space Shuttle Orbiter 
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TABLE 2 

Panel configuration 
2x4-ft f l a t  
3x5-ft f l a t  
4x6-ft f l a t  
2x4-ft si ngle-curved, 
2x4-ft double-curved 

PANEL DISTRIBUTION IN SQUARE FEET PER VEHICLE 
High-density ab la tor  I Low-density ab la tor  

800 
600 
600 

1000 
2000 

800 
600 
600 

1000 - 
(over-expanded honeycomb core,  

The author wishes to acknowledge the assistance of Mr. Claud Pittman of 
NASA-Langley, who served as Technical Monitor f o r  this study effort. 
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PROCESS STUDIES 

Given t h e  f o u r  a b l a t i v e  compositions,  i t  w a s  necessary t o  develop a process  
f o r  each i n  o r d e r  t o  f a b r i c a t e  t h e  l a r g e  2x4-ft pane l s .  Each composition had a 
d i f f e r e n t  bu lk  d e n s i t y  and packing a b i l i t y ,  as w e l l  as unique mixing r equ i r e -  
ments. Because only l i m i t e d  experience wi th  processing t h e  p a r t i c u l a r  composi- 
t i o n s  e x i s t e d  when t h e  c o n t r a c t  w a s  awarded, a series of process  i n v e s t i g a t i o n s  
w a s  conducted b e f o r e  f a b r i c a t i n g  t h e  pane l s  t o  a s s u r e  t h a t :  

1) The d e n s i t i e s  of t h e  f a b r i c a t e d  panels  would f a l l  w i t h i n  s p e c i f i e d  

2) 

3)  

ranges ; 

The panels  would be f r e e  of major d e f e c t s ;  

The pane l s  would be s t r u c t u r a l l y  sound. 

I n  a d d i t i o n ,  w e  wanted t h e  f a b r i c a t i o n  technique t o  b e  as simple as p o s s i b l e  
and r e q u i r e  minimum t o o l i n g ,  y e t  no t  a f f e c t  t h e  q u a l i t y  of t h e  f i n a l  pane l s .  
Ease of f a b r i c a t i o n  denotes ope ra t ions  w i t h  t h e  fol lowing c h a r a c t e r i s t i c s :  

v 1) Not r e q u i r i n g  high s k i l l  l e v e l s ;  

2) Not r e q u i r i n g  time-consuming s t e p s ;  

3) S u i t a b l e  f o r  volume product ion;  

4 )  Readily c o n t r o l l a b l e ;  

5) Lending themselves t o  automation. 

Face Sheet-to-Core Bonding 

The bond s t r e n g t h  between t h e  f a c e  s h e e t  and t h e  co re  w a s  r equ i r ed  t o  b e  
1 p s i  o r  g r e a t e r  a t  300°F. 
thought t o  b e  t h e  most d e s i r a b l e  method because t h e  f a c e  s h e e t s  could be cured 
wh i l e  being bonded. This would save  t h e  t i m e  r equ i r ed  t o  bond t h e  face s h e e t s  
and e l i m i n a t e  t h e  c o s t  of expensive adhesive f i l m s .  
w a s  two p l i e s  of 181 g l a s s  c l o t h  impregnated wi th  Hexcel F-161 high-temperature 
epoxy r e s i n .  
is d e t a i l e d  i n  Appendix A and summarized below: 

Primary bonding of t h e  f a c e  s h e e t  t o  t h e  co re  w a s  

The f a c e  s h e e t  s e l e c t e d  

The procedure f o r  bonding and cu r ing  t h e  f a c e  s h e e t s  t o  t h e  co re  

1) 
2) Vapor-degrease core;  

3) 

4 )  Place  co re  over  prepreg;  

5)  Vacuum-bag assembly (see f i g .  4 ) ;  

6)  

7) 

Blow co re  c l e a n  w i t h  c l e a n  dry n i t r o g e n ;  

Place f a c e  s h e e t  prepreg on t o o l i n g ;  

Cure f o r  1 h r  a t  325°F under f u l l  vacuum pres su re ;  

Allow pane l  t o  cool  t o  150°F o r  less b e f o r e  removing vacuum pres-  
s u r e .  

6 
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The core  s e l e c t e d  f o r  t h e  pane l s  w a s  Hexcel’s 318-in. hexagonal g l a s s  
phenol ic  honeycomb (HW 3/8-FGll) ,  weighing 2.2 l b / f t 3 .  
a maximum width  of 18 i n .  and had t o  be  s p l i c e d  t o  achieve  t h e  24 i n .  required.* 
Preformed co re  (24-in. r a d i u s )  w a s  used f o r  t he  curved pane l s  because i t  i s  less 
expensive than  t h e  overexpanded co re  o r  f lex-core t h a t  could have been used. 

The core ,  as made, has  

Bond s t r e n g t h . -  F ive  t e n s i l e  test  specimens were prepared t o  v e r i f y  the 
s t r e n g t h  requirement .  The co re  w i t h  f a c e  s h e e t s  w a s  bonded t o  1.85-in.-square 
aluminum b locks  w i t h  Epon 934 adhesive.  The specimens were soaked f o r  1 h r  a t  
300°F and p u l l e d  a t  300°F w i t h  a hand scale. None of t h e  specimens f a i l e d  a t  a 
t e n s i l e  s t r e n g t h  lower than  6 .2  p s i ,  t h e  l i m i t  of t h e  test equipment. F igu re  5 
d e p i c t s  a tes t  specimen. 

d 

Face-sheet c e l l  vent ing . -  It w a s  necessary  t o  d r i l l  a h o l e  through t h e  f a c e  
s h e e t  opening a t  each core  c e l l  t o  a l low air  t o  be  vented  when t h e  a b l a t o r  w a s  
packed i n t o  t h e  cel ls .  Because t h e  face s h e e t s  w e r e  t r a n s l u c e n t  i t  w a s  easy t o  
l o c a t e  the  center of each c e l l  through t h e  f a c e  s h e e t .  We chose ca rb ide  d r i l l s  
i n s t e a d  of hardened s t e e l  d r i l l s  t o  save t i m e  i n  sharpening and r ep lac ing  t h e  
d r i l l s  and t o  minimize de laminat ion  a t  t h e  per iphery  of t h e  hole .  The d r i l l i n g  
w a s  done q u i c k e s t  by us ing  a hand-held s m a l l  Dumore g r i n d e r  ( f i g .  6 ) ,  r a t h e r  
than a d r i l l  p r e s s  o r  convent iona l  hand-held d r i l l  motor. The ho le  diameter  was 
s e l e c t e d  t o  be 0.0625 i n .  D r i l l  breakage w a s  experienced,  accompanied by an 
en larged  and f rayed  ho le .  An a n a l y s i s  revea led  t h a t  t h e  d r i l l  w a s  ca t ch ing  on 
t h e  f i b e r g l a s s  and screwing through t h e  face s h e e t  r a t h e r  than  c u t t i n g  c l ean ly  
through i t .  A re l ief  groove w a s  machined i n t o  t h e  d r i l l  t o  c o r r e c t  t h e  problem, 
b u t  t h e  groove weakened the d r i l l  and r e s u l t e d  i n  breakage. This  w a s  so lved  by 
shor t en ing  t h e  d r i l l  t o  only a one-fourth t w i s t  l eng th ,  which prevented  t h e  sud- 
den p u l l i n g  down of t h e  d r i l l .  Figure 7 d e p i c t s  t h e  d r i l l  t h a t  w a s  used. 

Open-weave f a c e  shee t . -  The porous f a c e  s h e e t  t h a t  w a s  i n v e s t i g a t e d  (fi.g. 8) 
cons i s t ed  of two p l i e s  of an open-weave (17 mesh) f i b e r g l a s s  c lo th .  These p l i e s  
w e r e  impregnated wi th  pheno l i c  v a r n i s h  and primary-bonded t o  t h e  core .  The open 
weave e l imina ted  t h e  need f o r  d r i l l i n g  ho le s  through t h e  f a c e  s h e e t .  The even 
d i s t r i b u t i o n  of  t hese  numerous s m a l l  ho l e s  over  t h e  c e l l  should lower t h e  pos- 
s i b i l i t y  of en t r app ing  a i r  nex t  t o  the  f a c e  s h e e t  when f i l l i n g  t h e  a b l a t o r .  I f  
f a c e  s h e e t  p o r o s i t y  i s  undes i r ab le ,  t h e  openings can be s e a l e d  of f  w i t h  a sp ray  
coa t ing  a f t e r  cur ing  t h e  pane l s .  Although t h e  open-weave f a c e  s h e e t  has d i s -  
t i n c t  advantages over  t h e  s t anda rd  g l a s s  f a b r i c  lamina te ,  i t  w a s  n o t  incorpo- 
r a t e d  i n t o  l a r g e  pane l  f a b r i c a t i o n  because t h e  development occurred  t o o  l a t e  i n  
the  program t o  procure  t h e  necessary  materials. 

3 

An a n a l y s i s  of t h e  t i m e  s tudy  conducted f o r  2x4-ft e l a s tomer i c  pane l s  re- 
s u l t e d  i n  c e l l  ven t ing  r e p r e s e n t i n g  34% of  t h e  pane l  subassembly l a b o r  t i m e s ,  
and 1 2 %  of t h e  t o t a l  d i r e c t  manufactur ing l abor .  S ince  58% of t h e  t o t a l  c o s t  
of t h i s  pane l  i s  manufactur ing c o s t  ( f i g .  l), t h e  impact would b e  approxi- 
mately 7% of t h e  t o t a l  c o s t .  Applying t h i s  f a c t o r  t o  t h e  product ion  c o s t  of 

*In a c t u a l  f l i g h t  pane l s ,  t h i s  s p l i c e  would have t o  b e  e l imina ted .  
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Figure 5.- Tensile Test Specimen 

Figure 6.-  Hand-Held Grinder Used for Cell Venting 
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100 f l i g h t s ,  t h e  average c o s t  pe r  squa re  f o o t  of a 4x6-ft pane l  would appear t o  
b e  reduced from $48.96 t o  $45.53.  However, t h i s  i s  n o t  n e c e s s a r i l y  t r u e  be- 
cause l e a r n i n g  curves used f o r  100 f l i g h t s  assume charges such as t h e s e  f o r  
cos t r educ t ion .  

F i l l e r  Pretreatment 

Three of t h e  a b l a t o r  compositions c o n t a i n  phenol ic  Microballoons.  Micro- 
ba l loon  drying w i l l  b e  d i scussed  i n  t h i s  g e n e r a l  s e c t i o n ,  r a t h e r  than f o r  each 
s p e c i f i c  composition. Phenol ic  Microballoons c o n t a i n  moi s tu re  t h a t  should b e  
removed b e f o r e  coa t ing  wi th  t h e  m a t r i x  r e s i n s .  Because t h e  Microballoons w i l l  
o x i d i z e  i f  heated i n  a i r  a t  a r e l a t i v e l y  low temperature ,  they should b e  d r i e d  
under a vacuum t o  quicken t h e  drying t i m e  and prevent  combustion. 
w a s  accomplished by h e a t i n g  t h e  material i n  a P a t t e r s o n  Kel ly  tw in - she l l  s o l i d s  
processor  ( f i g .  9) f o r  2 h r  a t  180'F under f u l l  vacuum whi l e  r o t a t i n g  t h e  proc- 
e s s o r .  The vacuum i n  t h e  p rocesso r  a l s o  allowed t h e  Microballoons t o  f a l l  
f r e e l y  and broke up any conglomerates t h a t  were p r e s e n t .  
s c reen ing  i s  n o t  necessary.  I n  o r d e r  t o  prevent  Microballoon breakage t h e  i n -  
t e n s i f i e r  b a r  w a s  n o t  used during t h e  drying ope ra t ion .  

The d ry ing  

Thus, Microballoon 

Core Fil l ing 

F i l l i n g  t h e  c o r e  w i t h  a b l a t i v e  materials i s  the most time-consuming opera- 
t i o n  and t h e  one most l i k e l y  t o  cause d e f e c t s  i n  t h e  a b l a t o r .  The f i l l i n g  
method s e l e c t e d  must a s s u r e  a uniform d e n s i t y  over t h e  e n t i r e  pane l .  It must 
be economical and be least  s u b j e c t  t o  o p e r a t o r  e r r o r s .  The convent ional  c e l l  
f i l l i n g  method is  t o  gun each c e l l  i n d i v i d u a l l y .  However, t h i s  method w a s  n o t  
i n v e s t i g a t e d  because i t  i s  considered too  time-consuming f o r  h igh  product ion.  
I n s t e a d ,  t h e  f i n a l  method s e l e c t e d  f o r  a l l  b u t  t h e  high-densi ty  e l a s tomer i c  
composition was t o  pneumatical ly  tamp and v i b r a t e  t h e  a b l a t i v e  materials i n t o  
t h e  c o r e  under vacuum. The high-densi ty  e l a s tomer i c  mix, which has  good flow 
c h a r a c t e r i s t i c s ,  w a s  squeegeed i n t o  t h e  c e l l s  under vacuum p l u s  a l i g h t  pneu- 
matic tamp, and v i b r a t e d  t o  ensure uniform d e n s i t y .  

The i n t r o d u c t i o n  of t h e  a b l a t i v e  material  i n t o  t h e  co re  depends on t h e  vis-  
c o s i t y  of t h e  material and/or t h e  c o e f f i c i e n t  of f r i c t i o n  between t h e  a b l a t o r  
and t h e  c e l l  w a l l s .  I f  t h e  material does n o t  f low r e a d i l y ,  t hen  t h e  f o r c e  ap- 
p l i e d  t o  t h e  a b l a t o r  t r a n s f e r s  t o  t h e  c e l l  w a l l s  r a t h e r  than f o r c i n g  t h e  ab la -  
t o r  material down i n t o  t h e  co re  (see f i g .  l o ) .  
creases and t h e  c e l l  s i z e  dec reases ,  t h e  problem of c o r e  f i l l i n g  i n c r e a s e s .  
The d i f f i c u l t y  man i fe s t s  i t s e l f  i n  t h e  form of vo ids  nea r  t h e  f a c e  s h e e t  and/or  
a d e n s i t y  v a r i a t i o n  from t h e  f r o n t  t o  t h e  back of t h e  panel .  Perhaps t h e  most 
economical method i s  t o  l a y  t h e  a b l a t i v e  material  i n  a t r a y  and p r e s s  t h e  c o r e  
i n t o  t h e  mixture;  t h i s  w a s  the f i r s t  method s t u d i e d .  The two low-density mix- 
t u r e s  were used f o r  t h e  experiment because they were expected t o  be t h e  most 
d i f f i c u l t  t o  l oad .  
The r e s u l t s  were as fol lows:  

A s  t h e  h e i g h t  of t h e  co re  in -  

Four d i f f e r e n t  p re s su re -app l i ca t ion  methods were t r i e d .  
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Figure 9. - Patterson Kel l y  Twin-She1 1 Blender 

Figure 10.- Force Transfer along Cell Walls 
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Method Remarks 

Hand pressure 
Vacuum bag 

The core moved unevenly i n t o  the ablator.  
The core did n o t  move down f a r  enough. 
bag pressed against the exposed core and wedged be- 
tween the core and around the edges of the t ray.  
The bag had t o  be rearranged a f t e r  the panel had 
travelled only a short distance i n t o  the material. 

The vacuum 

Autoclave After applying the vacuum bag ,  the panel was placed 
i n  an autoclave and the pressure was increased i n  
increments of 1 atmosphere u p  t o  5 atmospheres. 
The panel was inspected a f t e r  each pressure in- 
crease. A t  5 atmospheres, the panels bottomed out 
a t  the required depth, b u t  when cured, the density 
varied from the f ron t  face t o  the back face. 

Hydraulic press Pressing the panel into the ablative mixture re- 
quired pressures in excess o f  100 psi t o  bottom o u t .  
This method would only be satisfactory for  f l a t  
panels . 

The vacuum bag and au toc lave  methods were repeated wi th  t h e  co re  c e l l  w a l l s  
wet-coated. 
va rn i sh  vas used €or  t h e  nylon-phenolic composition. It w a s  thought t h a t  t h e  
w e t  coa t  would tend t o  l u b r i c a t e  t h e  c e l l  w a l l s ;  however, no n o t i c e a b l e  d i f f e r -  
ence w a s  noted between a w e t  coated and dry c o r e .  

A s i l i c o n e  r e s i n  w a s  used f o r  t h e  e l a s tomer i c  a b l a t o r s  and pheno l i c  

The next  loading procedure at tempted,  p r e s s i n g  t h e  a b l a t o r  i n t o  t h e  c o r e ,  
w a s  more o r  less the reverse of t h e  above methods. A p i c t u r e  frame ho lde r  w a s  
placed over t h e  co re ;  a s l i d i n g  t r a p  door w a s  placed next  t o  t h e  co re .  Ab la t ive  
material w a s  evenly d i s t r i b u t e d  i n  t h e  c o n t a i n e r  over t h e  co re .  Then t h e  t r a p  
door w a s  removed and t h e  material w a s  hand-pressed i n t o  the  co re .  
w a s  vacuum-bagged and the  p r e s s u r e  i n  the  au toc lave  was r a i s e d  t o  5 atmospheres. 

Next, t h e  pane: 

Loading by t h i s  method w a s  g e n e r a l l y  s a t i s f a c t o r y  f o r  t h e  low-density 
e l a s tomer i c  system; however, t h e  nylon-phenolic system had a spring-back and 
the  loading method produced d e n s i t y  v a r i a t i o n s  and vo ids .  
s u r i z a t i o n  o r  i s o s t a t i c  loading appeared t o  b e  too s e n s i t i v e  t o  unknown vari-  
a b l e s  t o  guarantee a sound pane l .  

The au toc lave  pres-  

While t h e  material was being p res sed  i n t o  t h e  co re ,  i t  appeared t h a t  i t  had 
t o  b e  v i b r a t e d  t o  overcome t h e  tendency of t h e  material t o  "hangup" on t h e  c e l l  
w a l l s ,  s o  a pneumatic v i b r a t o r  t o o l  w a s  t r i e d  (see f i g .  11). The pane l s  were 
l o o s e l y  f i l l e d  w i t h  a b l a t i v e  material, and % i n .  of excess  material  w a s  loaded 
on top.  
Add i t iona l  material w a s  added and tamped u n t i l  f u l l  packing w a s  achieved. The 
d e n s i t y  of t h e  cured pane l s  was w i t h i n  t h e  r equ i r ed  range and d i d  n o t  vary from 
f r o n t  t o  back. 

Then t h e  vacuum w a s  a p p l i e d  and t h e  material w a s  tamped i n t o  t h e  c e l l s .  
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Figure 11.- Pneumatic Yibrator Used to Pack Ablative Material 
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Panels  were a l s o  made from t h e  two high-densi ty  compositions.  The e l a s t o -  
meric material  had s u f f i c i e n t  flow and could b e  squeegeed i n t o  t h e  cel ls .  
ever, v i b r a t i o n  tamping w a s  i nco rpora t ed  t o  ensu re  uniform d e n s i t y  through t h e  
panel .  The nylon-phenolic mixture ,  loaded us ing  v i b r a t i o n  packing, w a s  cured 
t o  t h e  d e s i r e d  d e n s i t y ,  and t h e r e  w a s  no apparent  s o f t  material nea r  t h e  f a c e  
s h e e t .  V ib ra t ion  packing w a s  s e l e c t e d  as t h e  method f o r  t h e  l a r g e  pane l s .  The 
next  s t e p  would have been t o  use  v i b r a t i o n  wh i l e  p r e s s u r e  w a s  app l i ed  i s o s t a t -  
i c l y  i n  t h e  au toc lave .  However, h igh  t o o l i n g  c o s t s  prevented t h e  i n v e s t i g a t i o n  
of t h i s  method a t  t h i s  t i m e .  

How- 

Tool i ng 

The d e s i r e d  t o o l i n g  concept w a s  one t h a t  w a s  s imple,  y e t  produced t h e  de- 
s i r e d  q u a l i t y  of product .  
wooden p i c t u r e  frame edge member t o  prevent  t h e  co re  from being d i s t o r t e d  by 
s i d e  p re s su res  during t h e  vacuum-bagging. 
during t h e  f a c e  s h e e t  bonding were set a t  24x48 i n .  
were bonded, t h e  frame w a s  opened 1 i n .  t o  allow f o r  an excess of 0.5 i n .  of 
a b l a t o r  material around t h e  pe r iphe ry .  The excess material, which w a s  later 
trimmed, gave a b e t t e r  edge t o  t h e  pane l s .  Teflon f i l m  w a s  used on a l l  c o n t a c t  
s u r f a c e s  t o  prevent  t h e  pane l s  from adhering t o  t h e  t o o l i n g .  The vacuum bag 
w a s  made from nylon f i l m  and s e a l e d  wi th  vacuum tape .  Coarse f i b e r g l a s s  t oo l -  
i n g  c l o t h  w a s  used as t h e  b l e e d e r  c l o t h .  To prevent  d e f l e c t i o n  of t h e  frame 
under p r e s s u r e ,  t h e  frame w a s  pinned t o  t h e  aluminum c a u l  s h e e t s .  The s i x  re- 
qu i r ed  attachment h o l e s  were p recu t  i n t o  t h e  c o r e  and plugged wi th  0.75-in.- 
diameter Teflon rods t h a t  were tapped f o r  a No. 6 machine screw. P i l o t  ho le s  
were d r i l l e d  through t h e  f a c e  s h e e t  a t  t h e  s i x  attachment h o l e  l o c a t i o n s .  
These p i l o t  h o l e s ,  which were later enlarged t o  s p e c i f i e d  drawing dimensions, 
were a l s o  used t o  l o c a t e  t h e  edge of t h e  panel .  
t o  accep t  t h e  screw heads.  

Simple aluminum c a u l  s h e e t s  w e r e  designed wi th  a 

The i n s i d e  dimensions of t h e  frame 
A f t e r  a l l  t h e  f a c e  s h e e t s  

The c a u l  s h e e t  w a s  spot-faced 
Figure 1 2  d e p i c t s  t h e  t o o l i n g  t h a t  w a s  used. 

Panel Machining 

While t h e  pane l s  w e r e  cu r ing ,  i t  w a s  necessary t o  have an excess of abla-  
t i v e  material over t h e  co re  t o  accommodate sh r inkage .  The excess  w a s  later 
machined o f f  t o  t h e  co re  level o r  pane l  t h i ckness .  Experience has shown t h a t  
t h e  material  can most e a s i l y  b e  removed by c u t t i n g  r a t h e r  than g r ind ing .  
Planing t h e  excess ive  material w a s  demonstrated t o  be s a t i s f a c t o r y .  F i n a l  
f i n i s h i y g  of t h e  pane l  w a s  done by hand sanding. 
carbide-tipped band s a w .  Because t h e  attachment ho le s  were premolded i n t o  t h e  
pane l s ,  no h o l e  machining w a s  r equ i r ed .  The plugs were rough c u t  from s m a l l  
6x6-in. cured pane l s  and ground t o  dimensions i n  a l a t h e  with a t o o l  p o s t  
g r i n d e r .  Turning w a s  no t  used s i n c e  a s t anda rd  l a t h e  c u t t i n g  t o o l  tends t o  
tear t h e  co re  and b reak  t h e  bond between t h e  co re  and t h e  a b l a t o r .  

A l l  edges w e r e  c u t  w i th  a 

15 



0, 
S 
*C 

P 
0 
0 
I- 
lL 

P 

16 



Mixing Development 

Each of t h e  f o u r  compositions r equ i r ed  a d i f f e r e n t  mixing procedure t o  pro- 
duce a compactable mixture .  Each composition is  d i scussed  below. 

90% phenol ic  Microballoons,  10% e la s tomer i c  r e s i n . -  This composition w a s  
i n v e s t i g a t e d  f i r s t  s i n c e  i t  w a s  expected t o  g i v e  t h e  most d i f f i c u l t y  i n  evenly 
d i s t r i b u t i n g  t h e  r e s i n  as a c o a t i n g  over t h e  Microballoons.  The f i r s t  mixing 
procedure t h a t  w a s  t r i e d  w a s  t o  mix t h e  r e s i n  and c a t a l y s t  i n  a Hobart 2-quart 
p l a n e t a r y  mixer and then slowly add t h e  ca t a lyzed  r e s i n  t o  t h e  Microballoons,  
which were i n  t h e  mixer. An examination r evea led  t h a t  t h e  r e s i n  w a s  no t  evenly 
d i spe r sed  a f t e r  30 minutes of mixing. Next, a series of mixtures  w a s  prepared 
wi th  heptane-thinned r e s i n .  (We worked w i t h  pu re  " p a i n t  grade" heptane because 
impure heptane r e t a r d s  t h e  cu r ing  of s i l i c o n e  r e s i n s . )  
r a t i o s  were 1 t o  1, 2 t o  1, and 3 t o  1, by weight .  A f t e r  mixing, t h e  material  
w a s  spread ou t  on t r a y s  and d r i e d  under vacuum t o  f l a s h  o f f  t h e  heptane.  The 
r e s i n  i n  a l l  mixtures  appeared t o  b e  w e l l  d i spe r sed .  

The heptane-to-resin 

When making l a r g e  ba t ches  of t h e  a b l a t i v e  material ,  a 1:l heptane-to-resin 
r a t i o  w a s  used t o  reduce t h e  mixing t i m e  and a i d  t h e  d i s p e r s i o n  of t h e  r e s i n .  
The a b l a t o r  w a s  mixed i n  t h e  Ross p l a n e t a r y  mixer ( f i g .  131, which has  t h e  ca- 
p a b i l i t y  of mixing under a vacuum. The mixing procedure w a s  as fol lows.  The 
r e s i n ,  c a t a l y s t ,  and heptane w e r e  f i r s t  blended i n  a Hobart mixer. Then h a l f  
of t h i s  blended material w a s  added t o  t h e  d r i e d  Microballoons,  and t h e s e  ing re -  
d i e n t s  were mixed f o r  5 minutes i n  t h e  Ross mixer.  Then t h e  rest of t h e  r e s i n  
w a s  added and mixed f o r  an a d d i t i o n a l  25 minutes.  Next, t h e  mixing chamber w a s  
evacuated t o  f u l l  vacuum, and t h e  mixing w a s  continued f o r  1 h r  t o  f l a s h  o f f  
t h e  heptane.  ( I f  t h e  chamber i s  hea ted ,  t h i s  f l a s h o f f  t i m e  can be reduced.)  
This mixture  was used t o  make 12x12x2-in. v e r i f i c a t i o n  pane l s .  

P r i o r  t o  f i l l i n g ,  t h e  co re  was spray coated wi th  DC-3200 primer.  A f t e r  
cu r ing  t h e  primer f o r  2 h r  a t  room temperature ,  ca t a lyzed  Sylgard 181 r e s i n  
thinned wi th  15% heptane w a s  sprayed i n t o  t h e  co re  us ing  a p r e s s u r i z e d  sp ray  
gun. 
t i v e l y .  An excess  w e t  coa t  w a s  app l i ed .  The c o a t i n g  w a s  allowed t o  d r a i n  down 
i n t o  t h e  co re  f o r  30 minutes,  and then t h e  pane l  w a s  i n v e r t e d  and t h e  excess  
r e s i n  w a s  allowed t o  d r a i n  o f f  f o r  2 h r .  A f t e r  t h e  p a n e l  w a s  f i l l e d ,  cured,  
and machined t o  s i z e ,  t h e  d e n s i t y  measured 13.9 l b / f t 3 ,  c l o s e  t o  t h a t  of t h e  
f i r s t  experimental  pane l s .  

The po t  p r e s s u r e  and atomizing p r e s s u r e  were 20 p s i  and 40 p s i ,  respec- 

15% nylon powder, 15% pheno l i c  powder, 70% pheno l i c  Microba1loons.- This  
mixture  w a s  t h e  most d i f f i c u l t  t o  p repa re  and produced t h e  most f r a g i l e  compo- 
s i t i o n .  The material, as mixed d r y ,  has  a bu lk  d e n s i t y  of about 7 l b / f t 3  and 
must b e  compressed t o  about twice t h i s  va lue  i n  t h e  core .  When p r e s s u r e  i s  re- 
l eased  a f t e r  compression, t h e  material s p r i n g s  back because t h e r e  is  no inhe r -  
e n t  t a c k  t o  hold i t  toge the r .  I n  a d d i t i o n ,  t h e  repose ang le  is  shal low,  which 
makes i t  d i f f i c u l t  t o  keep t h e  material  nea r  t h e  edges i n  p l a c e  during t h e  
loading ope ra t ion .  However, t h e  most s e r i o u s  drawback i s  t h a t ,  under vacuum 
bag p r e s s u r e ,  t h e  material becomes a hard,  low-density subs t ance  w i t h  no d i s -  
ce rnab le  f l o w a b i l i t y .  This makes i t  d i f f i c u l t  t o  compact t h e  m a t e r i a l b t o  t h e  
cells. In  a d d i t i o n ,  t h e  material  s h r i n k s  away from t h e  c e l l  w a l l s  w h i l e  cu r ing .  
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Figure 13.- Ross Planetary Mixer 
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To overcome as many of t h e s e  d i f f i c u l t i e s  as p o s s i b l e ,  f l o w a b i l i t y  and t a c k  
, had t o  b e  inco rpora t ed .  

twin-shel l  b l ende r  f o r  30 minutes t o  e l i m i n a t e  t h e  seg rega t ion  caused by den- 
s i t y  d i f f e r e n c e s  between t h e  Microballoons and t h e  phenol ic  and nylon r e s i n s .  
The d ry  mix w a s  t r a n s f e r r e d  t o  a p l a n e t a r y  mixer,  where methyl a l c o h o l  w a s  
added. It w a s  necessary t o  r e t a i n  the  a l c o h o l  i n  t h e  mixture  during loading 
and f l a s h  i t  o f f  under vacuum w h i l e  t h e  pane l s  w e r e  being cured. Mixtures 
using methyl a l c o h o l  i n  amounts by weight of 5% t o  100% of t h e  weight of Micro- 
ba l loons  were prepared t o  e s t a b l i s h  t h e  r equ i r ed  amount of a l coho l .  T h i r t y  p e r -  
cent  w a s  t h e  minimum amount of a l c o h o l  t h a t  would y i e l d  a mixture  of t h e  de- 
s i r e d  f l o w a b i l i t y  and tack.  

The loading mixture  w a s  blended under vacuum i n  t h e  

Before t h e  a l c o h o l  a d d i t i o n  procedure,  v a r i o u s  a t t e m p t s  w e r e  made t o  solv-  
ate t h e  phenol ic  r e s i n  and add i t  i n  a l i q u i d  s ta te  t o  g ive  a d d i t i o n a l  t a c k  t o  
t h e  mix. 
could no t  b e  completely d i s so lved .  
eve r ,  cured samples e x h i b i t e d  s u p e r i o r  s t r e n g t h  over t h e  o t h e r  "dry" mixes. 
The phenol ic  r e s i n  t h a t  d i s so lved  i n  a l c o h o l  w a s  decanted o f f  and used i n  a 
test panel .  The mixing, packing, and appearance of t h i s  pane l  w a s  s u p e r i o r  t o  
t h a t  of previous pane l s .  

However, t h e  dry pheno l i c  powder s p e c i f i e d  w a s  i n  t h e  "B" s t a g e  and 
The r e s u l t a n t  a b l a t o r  w a s  no t  uniform; how- 

I n  another  procedure,  pheno l i c  v a r n i s h  (SC-1008), d i l u t e d  wi th  50% methyl 
a l coho l ,  w a s  used i n  p l a c e  of t h e  dry phenol ic  r e s i n  i n  t h e  system. Again, a 
s t r o n g e r  and more uniform pane l  could b e  made. However, r e p l a c i n g  t h e  pheno l i c  
powder wi th  a pheno l i c  v a r n i s h  w a s  considered t o  b e  a d e v i a t i o n  from t h e  spec i -  
f i e d  materials, and t h i s  procedure w a s  n o t  pursued f u r t h e r .  

SC-1008 pheno l i c  v a r n i s h  sprayed i n t o  t h e  c o r e  w a s  used f o r  t h e  w e t  c o a t  
f o r  a l l  panels .  

50% nylon, 50% phenolic.-  The powder packed w e l l  i n  t h e  d ry  s ta te  and no 
s o l v e n t  was requ i r ed .  The only problem encountered wi th  t h i s  material w a s  t h a t  
both t h e  pheno l i c  and nylon powders contained conglomerates t h a t  manifested 
themselves i n  t h e  cured a b l a t o r  as l a r g e ,  dark phenol ic  b l o t c h e s  and wh i t e  
b l o t c h e s  of nylon. Running t h e  i n t e n s i f i e r  b a r  i n  t h e  twin-shel l  b l ende r  w h i l e  
mixing t h e  powders reduced t h e  number and s i z e  of t h e  conglomerates, b u t  w a s  
i n s u f f i c i e n t  t o  produce a homogeneous mixture .  A s  a r e s u l t ,  t h e  materials were 
screened through a 40-mesh sieve b e f o r e  being mixed i n  t h e  twin-shel l  b l ende r .  
The c o r e  w a s  then wet-coated i n  t h e  same manner as t h e  15% nylon,  15% pheno l i c ,  
70% Microballoon composition. 

67% e la s tomer i c  r e s i n ,  33% pheno l i c  Microbal1oons.- This  mixture  e x h i b i t e d  
good flow and had enough r e s i n  t o  b e  mixed d i r e c t l y .  
were f i r s t  mixed i n  a Hobart p l a n e t a r y  mixer; then t h e  pheno l i c  Microballoons 
were slowly added. 
high v i s c o s i t y ;  however, reducing t h e  mix t i m e  s t i l l  gave a homogeneous mix- 
t u r e .  
under vacuum and could b e  compacted i n  one bagging ope ra t ion .  
showed a tendency t o  be up t o  3 l b / f t 3  over t h e  r equ i r ed  d e n s i t y .  
when care w a s  taken t o  apply minimum l o c a l  down-pressure during t h e  squeegee 

The r e s i n  and c a t a l y s t  

The mixture  hea ted  up r a p i d l y  during mixing due t o  i t s  

This  material could e a s i l y  be squeegeed and v i b r a t e d  i n t o  t h e  cel ls  
The composition 

However, 
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and v i b r a t i o n  ope ra t ion ,  and when a b l eede r  c l o t h  w a s  used t o  absorb t h e  excess  
r e s i n  t h a t  w a s  expe l l ed  from t h e  pane l  during cu r ing ,  t h e  d e n s i t y  of t h e  panels  
w a s  k e p t  w i t h i n  t h e  r equ i r ed  range. Bleeder c l o t h s  are necessary t o  d i s t r i b u t e  
t h e  vacuum over t h e  l a r g e  panels  and a l s o  t o  v e n t  t h e  a i r  from t h e  cells  
through t h e  f a c e  s h e e t .  The f i n a l  composition of t h e  pane l  i s  est imated t o  
con ta in  between 60 and 65% r e s i n  a f t e r  cure .  With t h e  high r e s i n  content  of 
t h e  mixture ,  a w e t  coa t ing  of t h e  co re  was no t  considered necessary,  and only 
DC-1200 primer w a s  app l i ed  t o  promote bonding. Warpage was noted i n  t h e  exper- 
imen ta l  panel .  

Because of t h e  warpage, a tes t  w a s  made t o  determine i f  t h e  r e s i n  could be 
cured and set  a t  a lower temperature than t h e  s p e c i f i e d  250°F. The prel iminary 
curing temperature w a s  se t  a t  175"F,  which i s  about t h e  l ' o w e s t  temperature t h a t  
w i l l  polymerize t h e  r e s i n .  Because phenol ic  Microballoons tend t o  i n h i b i t  t h e  
cure  of t h e  Sylgard r e s i n ,  t h e  cu r ing  temperature must b e  h ighe r  t han  t h a t  f o r  
t h e  r e s i n  without  a f i l l e r .  
he ld  a t  250°F f o r  t h e  r equ i r ed  1 6  h r .  
cyc le  w a s  t hen  e s t a b l i s h e d  f o r  t h e  f u l l - s c a l e  pane l s ,  and f a b r i c a t i o n  w a s  begun. 

The pane l  was cured a t  175°F  f o r  24 h r  and then 
Panel  warpage w a s  reduced. This  c u r e  

A warpage of 1.5 i n .  due t o  r e s i d u a l  s t r a i n s  occurred i n  t h e  long d i r e c t i o n  
of t h e  f l a t  pane l s ,  b u t  t h e  curved pane l  d i d  no t  e x h i b i t  t h i s  severe warpage. 
I n  o rde r  t o  e s t a b l i s h  whether t h e  problem w a s  due t o  d i f f e r e n t i a l  thermal ex- 
pansion o r  shr inkage during t h e  cu r ing  process ,  t h e  pane l  w a s  r ehea ted  t o  250°F.  
It regained i t s  shape, which i n d i c a t e d  t h e  problem w a s  due t o  d i f f e r e n t i a l  t he r -  
m a l  expansion. On cool ing,  
i t  con t r ac t ed  more than t h e  f a c e  s h e e t ,  r e s u l t i n g  i n  a concave warpage. Because 
t h e  co re  r ibbon d i r e c t i o n  was a c r o s s  t h e  pane l ,  t h e  c o r e  w a s  s t i f f e r  i n  t h i s  
d i r e c t i o n  and d e f l e c t i o n  w a s  r e s t r i c t e d .  The warpage of t h e  curved panel ,  
which w a s  f a b r i c a t e d  f i r s t ,  w a s  low because t h e  p a n e l ' s  moment of i n e r t i a  w a s  
much g r e a t e r  than t h a t  of t h e  f l a t  pane l  due t o  t h e  e f f e c t i v e  th i ckness  i n c r e a s e  
r e s u l t i n g  from curva tu re .  

The a b l a t o r  w a s  set  a t  t h e  e l eva ted  temperature.  

An at tempt  was made t o  determine i f  t h e  warped pane l  could be s t r a i g h t e n e d .  
The pane l  w a s  heated t o  250°F and loaded s o  t h a t  a r e v e r s e  0.5-in. bow would be 
introduced i n t o  t h e  pane l  during cooldown. 
f a i l e d  a t  t h e  midpoint. 

A f t e r  about 5 minutes t h e  pane l  

I n  o rde r  t o  produce a f l a t  pane l ,  t h r e e  approaches were analyzed. The f i r s t  
w a s  t o  mold t h e  pane l  on curved t o o l i n g  so  t h a t  on cool ing down t h e  pane l  would 
b e  i n  a r e l a t i v e l y  f l a t  s tate.  
s t i l l  b e  p r e s e n t .  The second approach w a s  t o  cont inue t h e  lower 175°F  cu re  f o r  
a much longer  t i m e  and n o t  i n c o r p o r a t e  t h e  250°F cure.  
would probably be p re sen t .  
panel ,  w a s  t o  f i l l  t h e  co re  w i t h  a b l a t i v e  material without  using a f a c e  s h e e t ,  
cure  and machine t h e  pane l  t o  t h e  r equ i r ed  th i ckness ,  and bond a cured f a c e  
s h e e t  t o  i t .  This procedure produced a f l a t ,  s t r a i n - f r e e  panel .  

However, t h e  locked-in r e s i d u a l  s t r a i n s  would 

However, some warpage 
The t h i r d  approach, and t h e  one used f o r  t h e  f l a t  

Bonding t h e  f a c e  s h e e t  t o  t h e  f i l l e d  cu re  w a s  accomplished wi th  A-4000 s i l -  

The bond s t r e n g t h  w a s  found t o  be g r e a t e r  
i cone  con tac t  adhesive.  To a s s u r e  even bonding p r e s s u r e ,  t h e  bond w a s  allowed 
t o  set  wi th  t h e  panel  vacuum-bagged. 
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than 1 p s i  a t  300°F. 
t h i s  technique: 
duc t ion  panels .  

Visua l  i n spec t ion  of t h e  f a c e  s h e e t  bond i s  r u l e d  out  by 
i t  w i l l  be  necessary t o  r e l y  on u l t r a s o n i c  in spec t ion  on pro- 

Core out  a t tachment+ 
( f l a t  or  curved) holes 

F igures  1 4  through 18 are flow diagrams of t h e  processes  developed t o  fab- 
r icate t h e  a b l a t i v e  pane ls .  

I n s e r t  Teflon 
P l u g s  

Tool ( f l a t  o r  curved) 4 
Apply r e l ease  

r e l ease  shee t  
+ agent & Teflon Clean 

a t  f u l l  vacuum in  
c i r c u l a t i n g  a i r  + Remove from tool 

vent holes 
i n  face  shee t  * C1 ean 

I Inspect I 

Figure 14. - Core/Face Sheet Assembly 
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Microbal loons 

Phenol i c 
resin 

rzl Weigh 

B1 end 

i n  vacuum 
II, Weigh b 20 minutes 

Alcohol II, Weigh b' Mix 

Vacuum-bag w i t h  

Cure for  16 Evaporate sol- 
h r  a t  300°F vent 4 hr a t  
a t  fu l l  vacuum 180°F vacuum 

Vibrate 
b & tamp, 

3 f i l l s  
Dry t o  Core/face Prime w i t h  

sheet 1111, phenolic 
assembly varnish - B-stage ' 

- 

Figure 15.- Process Flow Diagram - 15% Nylon/l5% 
Phenolic Resin/70% Microballoons (13 t o  1 7  l b / f t3 )  
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b up conglomerate 

Sylgard 182 Weigh r e s i n  

Microbal  loons 

I I v 
1 Weigh 

Mix Mix  

I 

Weigh Ca ta l ys t  
(10%) 

2 h r  a t  180°F i n w  co: I 
vacuum 

Prime w i t h  Core/face 

DC-1200 b sheet as- II, 
sembly 

F igure  16.- Process Flow Diagram - 67% Syl a r d  182/33% 
Microbal loons (25 t o  30 l b / f t 3 y  

Vacuum- Cure f o r  
bag w i t h  16 h r  a t  

f i l m  f u l l  vacuum 

Squeegee & 

i n t o  core ny lon  * 250°F & + v i b r a t e  A i r  d r y  
2 h r  

Weigh Nylon 

- 
V ib ra te  & Vaccum-bag 

core f i l m  
b Blend II+ tamp i n t o  w i t h  ny lon  II) 

Cure f o r  16 
h r  a t  300°F 
i n  vacuum 

Weigh powder 

Core/face 
sheet assembly 

I 1 1 1 7  

Prime core  '1 w i t h  varnish pheno l ic  i':t& 

Figure 17.- Process Flow Diagram - 50% Nylon/50% 
Phenol ic (25 t o  30 l b / f t 3 )  
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LARGE PANEL FABRICATION 

Ab1 ator 
Low-densi ty si 1 i cone 
Hi gh-densi ty si 1 i cone 
Low-density nylon-phenolic 
High-densi ty nylon-phenolic 

Eight  24x48x2-in. a b l a t i v e  pane l s  and s i x  attachment h o l e  plugs f o r  each 
pane l  were f a b r i c a t e d .  The pane l s  w e r e  manufactured according t o  p rocesses  
developed during t h e  development phase.  Figures  19 and 20 d e p i c t  t h e  pane l s .  

Density, lb/ft3 
Flat panel Curved panel 

13.9 13.6 
29.9 28.6 
13.2 13.8 
26.5 27.6 

A curved pane l  and a f l a t  pane l  were made from each of t h e  f o u r  a b l a t i v e  
compositions.  During t h e i r  f a b r i c a t i o n ,  t he  a c t u a l  t i m e s  of each s t e p  i n  t h e  
o p e r a t i o n  were recorded. These t i m e s  form t h e  b a s i s  on which the  product ion 
c o s t s  given l a t e r  i n  t h i s  r e p o r t  are p r o j e c t e d .  The recorded t i m e s  are i t e m -  
i zed  i n ,  Appendix A. The f o u r  a b l a t i v e  compositions,  d e n s i t i e s ,  and cu r ing  
cond i t ions  are summarized below. 

Formul ati on I 
15% phenolic resin powder 
15% nylon powder 
70% Microballoons 
50% phenolic resin powder 
50% nylon powder 
10% silicone resin 
90% Microballoons 
67% silicone resin 
33% Mi crobal 1 oons 

13 to 17 lb/ft3 

25 to 30 lb/ft3 

13 to 17 lb/ft3 

I 25 to 30 lb/ft3 

Cure 
300°F for 16 hr 

300°F for 16 hr 

250°F for 16 hr 

250°F for 16 hr 

Each pane l  w a s  r e i n f o r c e d  w i t h  3/8- in . -cel l ,  2 . 2 - l b / f t 3  pheno l i c  g l a s s  
honeycomb. A face s h e e t  c o n s i s t i n g  of two p l i e s  of 181 f i b e r g l a s s  c l o t h  i m -  
pregnated wi th  a high-temperature epoxy r e s i n  w a s  bonded t o  t h e  co re .  L i s t e d  
below are the  pane l  d e n s i t i e s  f o r  each of t h e  e i g h t  pane l s .  These d e n s i t i e s  
were determined a f t e r  f i n a l  machining. 

Core Subassembly 

Five f l a t  pane l s  and f i v e  curved pane l s  were prepared. The honeycomb w a s  
r ece ived  t o  t h e  c o r r e c t  t h i ckness ,  b u t  w a s  too long and too wide. The co re  
w a s  p l aced  on t h e  bonding t o o l  and t h e  edges were c u t  t o  s i z e  using a dough 
k n i f e  c u t t e r .  The c u t  co re  w a s  t hen  replaced i n  the  bonding t o o l  f o r  a dimen- 
s i o n a l  check. Next, the attachment ho le s  were l o c a t e d  and c u t  a t  t h e  s i x  
l o c a t i o n s  using a l-in.-diameter punch-type rubber c u t t e r .  The core w a s  blown 
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Maximum 
sheet = 

X 

I I 

r-= 

All dimensions in inches. 

1. 

Note: All dimensions in inches. 

Attachment point ( typical)  

weight of face 
0.18 lb / f t2  

Full-depth, nonmetalic moneycomb, 
cell  s ize  not to exceed 0.5 i n .  

u 

. .  

weight of face 
0.18 lb / f t2  

Full-depth, nonmetalic moneycomb, 
cell  s ize  not to exceed 0.5 i n .  

Maximum weight of 
sheet 0.18 lb / f t2  

(b) Single-curvature panel 

(a) F l a t  panel 

Figure 19 . -  Panel Details 
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c lean  w i t h  d ry  n i t r o g e n  and vapor-degreased w i t h  t r i c h l o r e t h y l e n e .  
t e c t  t h e  c o r e  from contaminat ion u n t i l  use ,  i t  w a s  wrapped i n  k r a f t  paper .  

To pro- 

The bonding f i x t u r e  w a s  c leaned w i t h  s o l v e n t  and 1 - m i l  Tef lon f i l m  w a s  
p laced  a g a i n s t  t h e  c a u l  s h e e t .  Tef lon t ape  w a s  app l i ed  t o  t h e  wooden s i d e  
frames of the t o o l .  A f t e r  t h e  face s h e e t  prepreg  w a s  removed from cold  s t o r -  
age (40°F) and allowed t o  w a r m  t o  room temperature ,  two 25x49-in. s h e e t s  w e r e  
c u t  f o r  each panel .  This  allowed f o r  an overhang of 0 .5  i n .  on each s i d e  of 
t h e  pane l ,  which provided suppor t  f o r  t h e  edges of  t h e  pane l s .  The unpro tec ted  
f a c e s  of t h e  prepregs  were placed toge the r  and r o l l e d  smooth. Then t h e  pro- 
tect ive f i l m  w a s  s t r i p p e d  from one s i d e  of t h e  s h e e t s  and t h e  two s h e e t s  were 
placed a g a i n s t  t h e  Teflon release material .  Next, t h e  s h e e t s  were r o l l e d  
smooth a g a i n s t  t he  t o o l  and t h e  p r o t e c t i v e  f i l m  w a s  s t r i p p e d  from t h e  o t h e r  
s i d e .  The s i d e  frame of t h e  t o o l  w a s  then  p o s i t i o n e d  over  t h e  edges of  t h e  
face s h e e t .  Af te r  t h e  p r o t e c t i v e  paper  w a s  removed from t h e  core ,  t h e  co re  
w a s  pos i t i oned  on top of  t h e  face s h e e t s  and t h e  assembly w a s  vacuum-bagged. 
A b l eede r  c l o t h  was p l aced  ove r  t h e  t o o l  t o  prevent  t h e  bag from be ing  t o r n  
and t o  d i s t r i b u t e  t h e  vacuum p r e s s u r e  evenly .  The material w a s  then  cured a t  
325°F f o r  1 .5  h r .  
removing t h e  vacuum and t h e  core  from t h e  t o o l .  The bonded assembly i s  shown 
i n  f i g u r e  21. 

Afterward, t h e  assembly w a s  al lowed t o  coo l  t o  150°F b e f o r e  

The f i n i s h e d  subassemblies  were in spec ted  and wrapped i n  k ra f t  paper  f o r  
s t o  rage.  

Cell  ven t ing  w a s  done wi th  a hand-held 1/16-in.-diameter modif ied d r i l l  
( f ig .  6 ) .  A f t e r  d r i l l i n g ,  the pane l s  were blown clean w i t h  f i l t e r e d  a i r  and 
rewrapped i n  paper .  

A l l  t i m e s  r epor t ed  f o r  t h e  subassembly ope ra t ions  are t h e  average t i m e s  f o r  
a l l  t h e  pane l s .  

Tool Modi f i c a t i  on 

After a l l  face s h e e t s  w e r e  bonded, t h e  s i d e  frames of t h e  t o o l s  w e r e  opened 
from i n s i d e  dimensions of  24x48 i n .  t o  25 by 49 i n .  s o  t h e  edges of  t h e  pane l s  
could be  packed b e t t e r .  P a r t i a l  c e l l s  next  t o  t h e  s i d e  frames were very  d i f -  
f i c u l t  t o  f i l l .  The faces of t h e  c a u l  s h e e t s  were spot-faced 112 i n .  diameter  
by 118 i n .  deep t o  accommodate t h e  screw heads t h a t  h e l d  t h e  Teflon a t t ach -  
ment h o l e  p lugs  i n  p l a c e  on t h e  subassembly ( f i g .  22) .  For a l l  pane l s ,  a l a y e r  
of coa r se  t o o l i n g  f i b e r g l a s s  c l o t h  w a s  placed a g a i n s t  t h e  c a u l  s h e e t  and passed 
under t h e  s i d e  frames t o  provide  a ven t ing  passage as t h e  ce l l s  w e r e  f i l l e d .  
During t h e  pane l  packing, on ly  a t r a n s p a r e n t  vacuum bag f i l m  w a s  used on top  of 
t h e  pane ls .  However, on t h e  l a s t  packing c y c l e ,  and dur ing  t h e  cu r ing  c y c l e ,  a 
l a y e r  of f i b e r g l a s s  t o o l i n g  c l o t h  w a s  p laced  between t h e  f i l m  and t h e  pane l  t o  
d i s t r i b u t e  t h e  vacuum and serve as a b l eede r  c l o t h .  
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Figure 21.- Core with Face Sheet 

Figure 22.- Screw Head Recessed i n  Tooling 
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Panel Fabrication 

All panels  except  the high-densi ty  s i l i c o n e  a b l a t o r  pane l s  w e r e  f a b r i c a t e d  
by t h e  processes  developed. 
descr ibed ,  t h e  f l a t  high-densi ty  s i l i c o n e  a b l a t o r  pane l  warped. The process  
times g iven  f o r  t h i s  pane l  are those  f o r  t h e  warped panel .  We found t h a t  i t  
took j u s t  as long t o  make t h e  pane l  w i t h  t h e  secondary-bonded f a c e  s h e e t  as i t  
d i d  t o  make the primary-bonded panel :  t h e  bonding ope ra t ion  took as long  as 
t h e  vent-hole  d r i l l i n g  ope ra t ion .  

The processes  worked as expected.  A s  p rev ious ly  

Panel Filling 

Pre l iminary  f i l l i n g  o f  a l l  pane ls  w a s  done i n  t h e  s a m e  way. F i r s t ,  t h e  
edges next  t o  t h e  s i d e  frame and around t h e  Teflon i n s e r t s  w e r e  hand- f i l l ed  
and packed wi th  a b l a t i v e  material t o  a s su re  t h a t  t h e  h a r d - t o - f i l l  zones r e - ,  
ceived s u f f i c i e n t  material ( see  f i g .  2 3 ) .  Next, t h e  loading  f r a m e  w a s  p laced  
over  t h e  co re  and f i l l e d  leve l  w i t h  a b l a t i v e  material  ( f i g .  2 4 ) .  The t r a p  
door on t h e  frame w a s  then  removed and the  a b l a t i v e  material w a s  p re s sed  i n t o  
t h e  core .  F i n a l l y ,  t h e  pane l  w a s  bagged and t h e  material w a s  v i b r a t e d  i n t o  
t h e  ce l l s .  When t h e  high-densi ty  s i l i c o n e  pane l s  were made, bo th  v i b r a t i o n  
and squeegeeing were used t o  load  t h e  material ( see  f i g .  25) . I  

The bu lk  d e n s i t y  and packing c h a r a c t e r i s t i c s  o f  t h e  f o u r  materials v a r i e d  
cons iderably  and r equ i r ed  t h a t  t h e  f i l l i n g  o p e r a t i o n  be r epea ted  i n  some cases. 
The l i s t  below shows t h e  number of  f i l l i n g  ope ra t ions  r equ i r ed  f o r  each com- 
p o s i t i o n .  

No. of filling 

2 
1 
3 

Composition operations 
Low-densi ty si 1 i cone 
Hi gh-densi ty si1 i cone 
Low-densi ty nyl on-phenol i c 
High-density nylon-phenolic 2 

When f i l l i n g  t h e  curved high-densi ty  s i l i c o n e  pane l ,  w e  n o t i c e d  t h a t  t h e  
material d i d  n o t  pack as expected.  An a n a l y s i s  showed t h a t  t h e  bottom b l e e d e r  
c l o t h  was be ing  s e a l e d  o f f  by t h e  t o o l  s i d e  frame. This  prevented t h e  en- 
t rapped a i r  i n  the cel ls  from be ing  r e l e a s e d .  The b l eede r  c l o t h  w a s  changed 
from 181 t o  482 f i b e r g l a s s  c l o t h .  The bottom b l e e d e r  c l o t h  was extended under 
t h e  s i d e  frame of t h e  t o o l ,  s o  t h a t  i t  would connect t o  t h e  top b l eede r  c l o t h  
completely around t h e  per iphery  of t h e  frame. 

The process ing  t i m e  recorded f o r  t h i s  p a n e l  r e f l e c t  t h i s  problem. Even 
though t h e s e  t i m e s  may n o t  be  t y p i c a l  of t h i s  composition, they i n d i c a t e  khe 
delay t h a t  can be  expected t o  occur  when'manufacturing a b l a t i v e  materials,  and 
were purposely l e f t  i n  t h e  c o s t  a n a l y s i s .  
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. .  
..._ . .. . ... r 

Figure 23.-  Pre l iminary  Packing o f  Abla t ive  Material 

Figure 24.- Abla t ive  Mater ia l  
Being P u t  i n  
Loading Frame 

Figure 25 . -  Abla t ive  Mater ia l  ereirry 
Vibrated i n t o  Core 
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The low-density nylon-phenolic pane l  was as d i f f i c u l t  t o  f a b r i c a t e  as ex- 
pected. The t i m e  d i f f e r e n c e  encountered i n  f i l l i n g  t h e  curved pane l  (818 min- 
u t e s ,  vs  742 minutes f o r  f i l l i n g  t h e  f l a t  panel)  w a s  a r e s u l t  of t h e  material 
f a l l i n g  o f f  t h e  edges when the  loading frame w a s  removed (see Appendix A ) .  

Panel Cur ing 

Three of t h e  f o u r  compositions were he ld  a t  a temperature lower than t h e  
f i n a l  cu re  temperature t o  reduce pane l  warpage and t o  reduce t h e  tendency of 
t h e  pane l  t o  cu re  on t h e  o u t e r  s u r f a c e s  b e f o r e  t h e  c e n t e r  starts curing.  The 
f o u r t h  composition, t h a t  of t h e  low d e n s i t y  e l a s tomer i c  formulat ion,  w a s  not  
h e l d  a t  a lower temperature as the  Microballoons were'expected t o  r e t a r d  polym- 
e r i z a t i o n  s u f f i c i e n t l y  long s o  t h a t  t h e  e n t i r e  t h i ckness  of t he  panel  would b e  
uniformly hea ted  p r i o r  t o  cure .  Both t h e  low and high d e n s i t y  nylon phenol ic  
composition w e r e  he ld  a t  180°F t o  o b t a i n  flow and we t t ing  out  of t h e  phenol ic  
r e s i n .  
h r  cu re  a t  300°F. 
h r  a t  180°F i n  o rde r  t o  prevent  panel  warpage. 
The high d e n s i t y  e l a s tomer i c  panels  were he ld  a t  175°F f o r  24 h r  t o  reduce 
panel  warpage b e f o r e  being r a i s e d  t o  250°F f o r  16  h r ,  t h e  f i n a l  cure .  

The low d e n s i t y  composition w a s  he ld  a t  180°F f o r  3 h r  p r i o r  t o  t h e  16 
The high d e n s i t y  nylon pheno l i c  composition w a s  he ld  f o r  1 6  

F i n a l  cu re  was 16  h r  a t  300°F. 

Panel Machining 

A l l  pane l s  were machined i n  the  same way -- planed and then f i n i s h  sanded. 
There was no apparent  t r o u b l e  wi th  any of t h e  compositions. A s  would b e  ex- 
pected,  t h e  curved pane l s  r equ i r ed  more machining t i m e  than t h e  f l a t  pane l s .  

Panel F i n i s h i n g  

Afte r  be ing  machined, t h e  pane l s  should b e  coated w i t h  a p r o t e c t i v e  m a t e -  
r i a l  t o  prevent  contamination. A spray-coating ope ra t ion  w a s  i nco rpora t ed  i n t o  
t h e  t i m e  s tudy .  The low-density nylon-phenolic composition t h a t  had been found 
t o  b e  r e l a t i v e l y  weak w a s  given a phenol ic  coa t ing  t o  improve i t s  handl ing 
q u a l i t y .  Th i s  cqa t ing  r equ i r ed  a cu re  cyc le .  
w i th  a room temperature-type coa t ing .  
w i th  DC 92-009 d i s p e r s i o n .  
using a urethane v a r n i s h  even though t h e  a c t u a l  panels  were not  coated during 
t h i s  c o n t r a c t .  T i m e s  w e r e  der ived from t h e  e l a s tomer i c  spray ope ra t ion .  

A l l  o t h e r  panels  were p r i c e d  
The e l a s tomer i c  panels  w e r e  spray coated 

The high d e n s i t y  nylon phenol ic  panels  w e r e  p r i c e d  

Equipment Usage 

Table 3 g ives  t h e  usage t i m e  f o r  a11 l a r g e  equipment used t o  f a b r i c a t e  and 
f i n i s h  each of t h e  types of pane l s .  This t a b l e  r e f l e c t s  a s i n g l e  batch f o r  
each composition. 
cause i t  depends on t h e  rate and l o t  s i z e .  

The r e l a t i v e  s i z e  of t h e  equipment has no t  been included be- 
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TABLE 3 

EQUIPMENT USAGE TIMES* 

Eq u i  pmen t 
Oven face-sheet bonding 

Sol i d  processor 

Screening 

Planetary mixer 

Vacuum mixer 

Small wet-coat mixer 

Spray booth 

Oven 

Protective spray-coat booth 

Oven coating cure 

Low- 
density 
si  1 i cone 

240 

210 

--- 

20 

95 

20 

70 

1440 

30 

--- 

High- 
density 
si 1 i cone 

Composition 

Low-densi ty 
nylon-phenol i c 

240 

255 

126 

30 

1440 

30 

300 

*Times are in minutes and are complete turn-around times. 

Hi gh-densi ty 
n.vlon-phenol i c 

240 

45 

113 

--- 

35 

2880 

30 

Repair Procedures 

It w a s  necessary t o  r e p a i r  t h e  pane l  edges t h a t  had been damaged during 
machining and subsequent handl ing.  
r e s p e c t i v e  ca t a lyzed  r e s i n s  be fo re  t h e  panels  were patched. The e l a s t o m e r i c  
panels  were patched w i t h  GE 652 s i l i c o n e  r e s i n  and phenol ic  Microballoons.  The 
nylon-phenolic pane l s  were patched w i t h  Epox 828/DTA; ground up a b l a t i v e  mate- 
r i a l  w a s  used as t h e  f i l l e r .  This f i l l e r  w a s  ob ta ined  from t h e  excess  a b l a t i v e  
material t h a t  had been machined from t h e  tops  of t h e  pane l s .  

The damaged areas were w e t  coated w i t h  t h e  

PRODUCTION COST ESTIMATES 

E x i s t i n g  Mart in  Marietta cos t - e s t ima t ing  procedures were used wi th  t h e  
l a b o r  s t u d i e s  shown i n  Appendix B t o  compute t h e  c o s t s  of t h e  v a r i o u s  a b l a t i v e  
pane l s .  Material c o s t s  were quoted by vendors on the  b a s i s  of t h e  t o t a l  l o t  
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s i z e  f o r  each material. Standard i n d u s t r i a l l y  accepted f a c t o r s  w e r e  a p p l i e d  t o  
t h e  t i m e  s t u d i e s  t o  convert  them i n t o  product ion run  c o s t s .  A l l  necessa ry  sup- 
p o r t i n g  a c t i v i t i e s  were a l s o  included.  

The l a b o r  t i m e s  shown i n  Appendix A formed t h e  b a s i s  f o r  t h e  c o s t  estimates. 
The e i g h t  l a r g e  a b l a t i v e  panels  were f a b r i c a t e d  by engineers  and P las t ics  Lab- 
o r a t o r y  t e c h n i c i a n s  who w e r e  experienced i n  t h i s  work. To c o r r e l a t e  t h e i r  ac- 
t u a l  t i m e s  i n t o  those  expected from product ion l a b o r ,  a 25% i n c r e a s e  w a s  ap- 
p l i e d  f o r  mot iva t ion  and s k i l l  l e v e l s .  The t i m e s  shown on t h e  MPPs r e f l e c t  
t h i s  i n c r e a s e .  

The d i r e c t  manufacturing, l a b o r ,  t o o l i n g ,  and sh ipp ing  charges shown i n  
Appendix B w e r e  computed as fol lows:  

1 )  Product ion runs  of one l o t  were based on a 95% cumulative average 
l e a r n i n g  curve.  Lots  of 10 and 100 were given 92% and 90% lea rn -  
i n g  curves,  r e s p e c t i v e l y ;  

Based on previous experience and t h a t  gained i n  t h i s  s tudy program, 
a 25% i n c r e a s e  i n  manufacturing l a b o r  w a s  added t o  account f o r  
s c r a p  and rework; 

Tooling c o s t s  were e s t a b l i s h e d  from t h e  l o t  s i z e  and assumed f l i g h t  
ra te  of one p e r  month; 

Laboratory personnel  were assumed t o  have t h e  same experience as 
f a c t o r y  l a b o r  i n  f a b r i c a t i n g  t h e  t e n t h  pane l ;  

Shipping estimates were based on us ing  one nonre tu rnab le  c o n t a i n e r  
f o r  each 25 pane l s .  

2) 

3)  

4 )  

5) 

Qua l i ty  charges were based on charges experienced f o r  similar products  and 
w e r e  modified t o  r e f l e c t  s p e c i f i c  materials and p rocesses .  
c o s t s  provide f o r  100% rad iograph ic  i n s p e c t i o n  of t h e  product ion pane l s .  

The Q u a l i t y  T e s t  

Engineering charges inc lude  e s t ima ted  c o s t s  f o r  d r a f t i n g ,  s p e c i f i c a t i o n  
maintenance, and p rocess  l i a i s o n .  W e  assumed t h a t  development w a s  completed 
and t h a t  Class 1 drawings were a v a i l a b l e .  

Manufacturing suppor t  o p e r a t i o n s ,  such as s u p e r v i s i o n ,  in-scope design 
changes, product ion c o n t r o l ,  and i n d u s t r i a l  eng inee r ing ,  were a l s o  included i n  
t h e  estimate. 

Labor and overhead charges w e r e  a p p l i e d  us ing  t h e  D i v i s i o n ' s  September 1970 
rates f o r  each department involved. G&A rates were app l i ed  t o  t h e  above 
charges and d i r e c t  material  c o s t s .  Equipment amor t i za t ion  i s  included i n  t h e  
overhead charges.  Note t h a t  t h e  t o t a l  charges given i n  t a b l e s  4 through 11 do 
not  i nc lude  overtime, t r a v e l ,  computer t i m e ,  c o n t r a c t  d a t a  requirements ,  and 
f e e  o r  p r o f i t .  
manufacturing shop. 

Lots  are t h e  t o t a l  number of pane l s  r e l e a s e d  a t  a t i m e  t o  t h e  
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TABLE 13 COST OF ONE PANEL AND 10 PANELS 

A 
B 
C 
D 

! M a t e r i a l  I One Panel I 1 0  Panels 

$ 5 920 $22  940 
5 590 21 380 
5 850 22 760 
5 660 21 890 

2x4 - f t  F l a t  panel 

8 970 
7 920 
8 830 
8 010 

6 770 
6 120 
6 680 
6 290 

10 740 
9 280 

10 290 
8 390 

38 520 
33 730 
37 300 
34 460 

25 270 
23 010 
24 130 
23 560 

33 460 
23 360 
28 910 
22 620 

4 x 6 - f t  F l a t  panel 

3 x 5 - f t  F l a t  panel 

2x4-f t S i  n g l  e cu rva tu re  

A 
B 
C 
D 

A 
B 
C 
D 

A 
B 
C 
D 

2 x 4 - f t  Double cu rva tu re  18 100 40 950 1 15 590 1 30 840 I 
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TABLE 1 2  TOOLING COST (any material)  

2x4-ft Flat  panel 

3x5-ft Flat  panel 

4x6-ft Flat  panel 

2x4-ft Single curvature 

2x4-ft Double curvature 

)ne Panel I 10 Panels 

8 960 

1 510 

3 760 

4 720 

9 210 

$ 1 330 

2 110 

5 280 

6 600 

1 2  880 
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Table 1 4  l i s ts  t h e  material c o s t s  f o r  one, 10,  and 100 f l i g h t s ,  respec- 
t i v e l y .  These c o s t s  i nc lude  s c r a p ,  overage, and ou t -o f - she l f - l i f e  f a c t o r s .  

F1 ight composition 
El as tomeri c 
Nyl on phenol i c 

One flight 10 flights 100 flights 
$216 511 $2 006 473 $19 374 624 

145 360 1 299 979 12 200 442 

Table 15 summarizes t h e  c o s t  breakdown f o r  a 2x4-f t , low-density , elas to- 
meric Space S h u t t l e  panel .  

TABLE 15 
COST BREAKDOWN FOR A TYPICAL 
2x4-FT FLAT PANEL 

Ma teri a 1 15% 
Engineering 8% 
Tool i ng 4% 
Manufacturing 58% 
Quality Control 11% 
Test 4% 
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QUALITY ASSURANCE 

This  p l a n  d e f i n e s  t h e  q u a l i t y  assurance program and o u t l i n e s  t h e  d e t a i l e d  
c o n t r o l s  t h a t  would b e  app l i ed  during procurement, f a b r i c a t i o n ,  t e s t i n g ,  and 
d e l i v e r y  of hardware. 

0 

Organization 

A Qual i ty  Control  r e p r e s e n t a t i v e ,  r e s p o n s i b l e  t o  Mart in  Marietta's q u a l i t y  
d i r e c t o r  w i l l  b e  ass igned t o  t h e  program and w i l l  r e p o r t  t o  t h e  Program Manager. 
H e  would d i r e c t  a l l  Qua l i ty  a c t i v i t i e s  de f ined  h e r e i n ,  and w i l l  b e  r e s p o n s i b l e  
f o r  a s s u r i n g  t h a t  a l l  d e l i v e r a b l e  art icles meet c o n t r a c t u a l  and engineer ing re- 
quirements.  

Inspection Requirements 

Control  of procured materials.- The Q u a l i t y  Con t ro l  r e p r e s e n t a t i v e  w i l l  re- 
view purchase r e q u i s i t i o n s  be fo re  t h e i r  release t o  ensu re  t h a t  t h e  s u p p l i e r  i s  
an approved source  and t h a t  q u a l i t y  s t anda rds  and t e c h n i c a l  requirements are 
documented i n  t h e  c o n t r a c t  w i th  t h e  s u p p l i e r .  
materials f o r  damage, proper  documentation, and compliance wi th  purchase o r d e r  
requirements.  Materials t h a t  have been in spec ted  and i d e n t i f i e d  as t o  inspec- 
t i o n  s t a t u s ,  p a r t  number, l o t  o r  b a t c h  number, and s h e l f  l i f e  requirements w i l l  
b e  placed i n  s t o r a g e  u n t i l  r e q u i r e d  f o r  i s s u e .  S p e c i a l  environmental  r equ i r e -  
ments, such as temperature and humidity c o n t r o l ,  w i l l  be  s t r i c t l y  enforced.  

H e  w i l l  i n s p e c t  a l l  incoming 

Chemical ana lyses  and p h y s i c a l  tests, when r e q u i r e d  t o  determine conform- 
ance t o  s p e c i f i c a t i o n s ,  w i l l  b e  conducted i n  t h e  Q u a l i t y  Laboratory.  

Fabrication Inspecti on 

Qua l i ty  w i l l  review t h e  manufacturing process  p l a n  and s p e c i f y  t h e  in-  
process  i n s p e c t i o n  requirements t o  b e  m e t  when applying t h e  a b l a t i v e  materials.  
Q u a l i t y  w i l l  provide i n - l i n e  i n s p e c t i o n  of  p r e p a r a t i o n ,  layup,  cu re ,  and dimen- 
s i o n a l  checks. The r e s u l t s  of t h e s e  i n - l i n e  i n s p e c t i o n s  w i l l  b e  documented. 

Nondestructive Testing 

The Qua l i ty  Laboratory w i l l  perform 100% X-ray i n s p e c t i o n  t o  d e t e c t  any 
voids  p r e s e n t  i n  t h e  a b l a t i v e  material .  
f o r  f i n a l  acceptance of t h e  d e l i v e r a b l e  pane l s .  D e s t r u c t i v e  t e s t i n g ,  as re- 
qu i r ed ,  w i l l  b e  done concur ren t ly  wi th  hardware f a b r i c a t i o n .  The r e s u l t s  of 
t h e s e  tests w i l l  b e  documented. 

Acceptance c r i t e r i a  w i l l  b e  e s t a b l i s h e d  
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Batch Control 

Materials and compounds wi th  l i m i t e d  s t o r a g e  l i f e s  w i l l  be  s t r i c t l y  con- 
t r o l l e d  t o  ensure t h a t t t h e  p r e s c r i b e d  ba tches  are p rope r ly  mixed. 
w i l l  b e  i d e n t i f i e d  and submit ted f o r  l a b o r a t o r y  eva lua t ion .  
s h e l f  l i f e  has expired w i l l  b e  r e j e c t e d .  

Batch samples 
Any compounds whose 

Material Review 

A l l  nonconforming material  w i l l  b e  p o s i t i v e l y  i d e n t i f i e d  and segregated t o  
ensure t h a t  
ments. The 
conformance 

a l l  d e l i v e r a b l e  hardware meets engineer ing and c o n t r a c t u a l  r equ i r e -  
Qua l i ty  Con t ro l  r e p r e s e n t a t i v e  w i l l  review each i n s t a n c e  of non- 
and p r e s c r i b e  one of t h e  fol lowing d i s p o s i t i o n s :  

Rework - Incomplete i t e m s  w i l l  b e  co r rec t ed  i n  accordance wi th  
drawing requirements;  

Scrap - I t e m s  t h a t  are n o t  reworkable o r  are uneconomical t o  r e p a i r  
w i l l  b e  recommended f o r  s c r a p .  

Inspection, Testing, and Measuring Equipment 

A l l  i n s p e c t i o n  gages and measuring and test  equipment necessary t o  d e t e r -  
mine conformance wi th  s p e c i f i c a t i o n s ,  drawings, and c o n t r a c t  requirements w i l l  
b e  p rope r ly  s e l e c t e d ,  eva lua ted ,  maintained,  and c o n t r o l l e d .  A l l  equipment 
w i l l  b e  c a l i b r a t e d  us ing  s t anda rds  t r a c e a b l e  t o  t h e  Na t iona l  Bureau of Stand- 
a r d s .  

Gov e r nme n t - Fu r n i s h ed Property 

Materials fu rn i shed  by t h e  Government w i l l  b e  in spec ted  f o r  t r a n s i t  damage, 
i nven to r i ed  f o r  i d e n t i f i c a t i o n ,  and v e r i f i e d  f o r  conf igu ra t ion  s t a t u s  and quan- 
t i t y .  

Quality Documentation 

Qua l i ty  w i l l  maintain r eco rds  of a11 i n s p e c t i o n s ,  tests, and nonconformance 
Records w i l l  be  made avail- d a t a  accumulated during t h e  pe r iod  of performance. 

a b l e  t o  designated NASA r e p r e s e n t a t i v e s  f o r  review. 

Shipping Inspection 

Before being shipped,  each a r t i c l e  w i l l  be  in spec ted  f o r  cond i t ion ,  config-  
u r a t i o n ,  and proper  packaging t o  ensu re  completeness of hardware and t o  prevent  
degradat ion of t h e  q u a l i t y  of t h e  a r t i c l e .  
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CONCLUSIONS 

1. The low-density e l a s tomer i c  panels  were t h e  least expensive f o r  100 
f l i g h t s .  

2. The low-density nylon-phenolic composition had t h e  h i g h e s t  manufacturing 
c o s t ,  mainly because of t h e  d i f f i c u l t y  i n  packing t h e  material  i n t o  t h e  
honeycomb ma t r ix .  

3 ,  The c o s t  of a b l a t i v e  h e a t  s h i e l d  panels  can be s i g n i f i c a n t l y  reduced by 
t h e  t i m e  t h e  Space  S h u t t l e  is  f a b r i c a t e d .  The l a r g e  volume of a s i n g l e  
conf igu ra t ion  i s  e f f e c t i v e  i n  reducing c o s t  due t o - a p p r o p r i a t e  l e a r n i n g .  

4. Large l o t  s i z e s  w i l l  have an a d d i t i o n a l  e f f e c t  of reducing pane l  c o s t .  

5. The most expensive pane l  w a s  t h e  high-density e l a s tomer i c  composition i n  
t h e  2x4-ft double cu rva tu re .  
p e r  squa re  f o o t .  However, t h i s  c o s t  r e f l e c t s  t o o l i n g  problems i n  f a b r i -  
c a t i n g  t h e  s i n g l e  cu rva tu re  2x4-ft panel .  

The average c o s t  f o r  one f l i g h t  w a s  $296.66 

6.  The leas t  expensive pane l  w a s  t h e  4x6-ft ,  90% Microballoon - 10% s i l i c o n e  
r e s i n  pane l  i n  l o t s  of LOO f o r  100 f l i g h t s .  The cumulative average c o s t  of 
t h e s e  pane l s  w a s  $48.96 p e r  squa re  f o o t .  

7. Panel  edges were s u s c e p t i b l e  t o  chipping and had t o  be r e p a i r e d .  
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RECOMMENDATIONS 

The fol lowing recommendations are based on t h e  experience gained i n  the per- 
formance of t h i s  c o n t r a c t :  

1. 

2. 

3.  

4 .  

5. 

6. 

A f t e r  being machined, t h e  l a r g e  pane l s  were d i f f i c u l t  t o  handle .  To p reven t  
damaging an edge, t h e  f i n a l  pane l  design should inc lude  an  edge member. 

An i n v e s t i g a t i o n  should b e  conducted t o  determine i f  a l i q u i d  pheno l i c  r e s i n  
could b e  s u b s t i t u t e d  f o r  t h e  dry res in  i n  t h e  low-density nylon-phenolic 
system wi thou t  a f f e c t i n g  a b l a t i o n  performance. 
ease of packing are inc reased  by t h i s  s u b s t i t u t i o n .  

The mechanical s t r e n g t h  and 

An a b l a t i o n  tes t  i n  which p a r t i a l  oxygen p r e s s u r e  and a b l a t o r  temperature  
are s imulated f o r  a t y p i c a l  f l i g h t  should b e  made on t h e  two low-density 
systems. Because pheno l i c  Microballoons can burn a t  a ve ry  low temperature ,  
t h i s  w i l l  show whether burning would con t inue  a f t e r  a v e h i c l e  has  r e e n t e r e d  
t h e  atmosphere. 

Because of t h e  h i g h  thermal expansion of t h e  high-density e l a s tomer i c  sys- 
t e m ,  t h e  pane l s  w i l l  experience h igh  thermal s t r a i n s .  A r igo rous  thermal  
s t r a i n  a n a l y s i s  of t h e  pane l  should b e  made. P a r t i c u l a r  a t t e n t i o n  should b e  
given t o  t h e  attachment p o i n t s .  

The h i g h e s t  c o s t  and most manufacturing d i f f i c u l t y  are a s s o c i a t e d  wi th  load- 
i n g  t h e  co re .  A s tudy should be made t o  e i t h e r  e l i m i n a t e  t h e  co re  o r  in-  
crease i t s  c e l l  s i z e .  

A core  s p l i c e  w a s  necessary t o  make a 24-in. wide panel .  This  s p l i c e  can 
n o t  be pe rmi t t ed  on f l i g h t  panels  because i t  i n h i b i t s  f i l l i n g  t h e  core and 
because t h e  a b l a t i o n  rate of t h e  adhesive i s  h ighe r  than t h a t  of t h e  rest 
of t he  pane l .  S p e c i a l  t o o l i n g  should be set  up t o  manufacture t h e  core  t o  
t h e  r equ i r ed  width.  

Martin Marietta Corporation 
Denver, Colorado, October 2 ,  1970 
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This report presents the results of a study to de- 
termine the cost of fabricating replaceable abla- 
tive heat shield panels for Space Shuttles. Curved 
and flat 2x4-ft panels were fabricated from four 
ablative compositions using processes developed 
under this study. 
estimate the cost of fabricating panels of various 
configurations and lot sizes, based on one, 10, 
and 100 flights. Panel costs varied from a high of 
$296.66 per square foot for a double-contoured , 
2x4-ft panel made of 67% silicone resin and 33% 
phenolic microballoons to a low of $48.96 per 
square foot for a 4x6-ft panel composed of 90% mi- 
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