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FINAL REPORT 

INVESTIGATION OF FORMING CURVED ABLATIVE PANELS 
FROM FLAT PANELS FOR SPACE SHUTTLE 

by Hue1 H .  Chandler 
Mart in  Marietta Corpora t ion  

S UMMARY 

The purpose of t h i s  s tudy w a s  t o  de t e rmine  t h e  f e a s i b i l i t y  of 
reforming f l a t  a b l a t i v e  panels t o  a curved c o n f i g u r a t i o n .  The 
s t u d y  i n d i c a t e d  t h a t  i f  the  p a n e l s  could b e  shaped t o  a r a d i u s  of 
2 .54  m (100 i n . )  t h e n  88.7% of  t h e  s u r f a c e  area of t h e  o r b i t e r  
could b e  covered,  and t h a t  i f  t hey  could b e  shaped t o  a r a d i u s  
of 3 .81 m (150 i n . )  t h e n  7 7 . 2 %  of t h e  s u r f a c e  could b e  covered.  

TWO b a s i c  approaches were fol lowed t o  de t e rmine  t h e  b e s t  
method f o r  forming t h e  f l a t  p a n e l s  t o  a curved shape .  The f i r s t  
w a s  t o  determine i f  p a r t i a l l y  cured p a n e l s  cou ld  be  formed, a l low- 
i n g  t h e  forming h e a t  c y c l e  t o  complete t h e  c u r i n g  of t h e  a b l a t o r .  
The second method w a s  t o  f o r m  f u l l y  cured f l a t  pane l s  i n t o  t h e  
d e s i r e d  c u r v a t u r e  through a secondary h e a t  c y c l e .  

The f i r s t  method proved t o  b e  u n f e a s i b l e  because of t h e  r a p i d  
c u r e  of the a b l a t o r  r e s i n  a t  an e l e v a t e d  t empera tu re .  The a b l a -  
t i v e  material  cured b e f o r e  t n e  p h e n o l i c  r e s i n  c o a t i n g  on t h e  
honeycomb co re .  The phenol ic  r e s i n  i s  used t o  bond t h e  a b l a t i v e  
m a t r i x  t o  t h e  r e i n f o r c i n g  co re .  Without a bond e s t a b l i s h e d ,  t h e  
p a n e l s  f a i l e d  when a bending l o a d  w a s  a p p l i e d .  

The second method, t h a t  of u s i n g  f u l l y  cured p a n e l s ,  proved 
t h a t  p a n e l s  cou ld  b e  reshaped i n t o  a curved c o n f i g u r a t i o n .  How- 
e v e r ,  t h e  amount of  spr ingback w a s  n o t  p r e d i c t a b l e .  

Various t empera tu re  cyc le s  were i n v e s t i g a t e d  t o  reduce t h e  
sp r ingback  and t o  ach ieve  the  smal les t  r a d i u s  of  c u r v a t u r e .  The 
c y c l e  t h a t  worked t h e  b e s t  c o n s i s t e d  of a low-temperature h o l d  t o  
relax t h e  r e s i d u a l  s t r a i n s ,  fol lowed by a high-temperature  h e a t  
t r e a t m e n t  t o  i n c r e a s e  t h e  bending se t .  T h i s  c y c l e  w a s  a l s o  used 
f o r  t h e  s i x  l a r g e  test  panels made and d e l i v e r e d  t o  NASA-Langley. 

Measurements made on t h e  pane l s  d u r i n g  s t o r a g e  i n d i c a t e d  
t h a t  they cont inued t o  s t r a i g h t e n  o u t  o v e r  t i m e .  Th i s  w a s  a t t r i -  
b u t e d  t o  r e s i d u a l  stresses locked i n t o  t h e  p a n e l s  t h a t  had n o t  
been f u l l y  r e l a x e d  by t h e  h e a t  c y c l e .  



Cost ana lyses  i n d i c a t e d  t h a t  l a r g e  sav ings  could  b e  r e a l i z e d  
by us ing  t h i s  method t o  form curved p a n e l s .  The sav ings  are due 
t o  t h e  l a r g e r  number of  pane l s  t h a t  can b e  made t o  one conf igura-  
t i o n ;  i . e . ,  by u s i n g  l a r g e  f l a t  pane ls  t o  produce s t o c k  s h e e t s .  
The savings were e s t i m a t e d  t o  b e  $275/m' ( $ 2 5 . 6 1 / f t 2 >  f o r  a l o t  
of 100 panels .  

A t  the p r e s e n t  t i m e ,  t h e  method cannot  b e  recommended f o r  
product ion  due t o  t h e  i n c o n s i s t e n c y  of t h e  p rocess  and t h e  r e s i d u a l  
stress i n  t h e  p a n e l s .  I f  t h e s e  problems can be  overcome through 
formula t ion  changes o r  o t h e r  bending  c y c l e s  then  t h e  method i s  
a t  t r ac t ive .  

INTRODUCTION 

The r a d i i  of c u r v a t u r e  of t h e  S h u t t l e  O r b i t e r  are r e l a t i v e l y  
l a r g e .  I f  i t  i s  p o s s i b l e  t o  bend f l a t  a b l a t i v e  pane l s  t o  t h e s e  
con tour s  r a t h e r  than  form t h e  curved panels  d i r e c t l y ,  t h e n  l a r g e  
c o s t  sav ings  should  b e  r e a l i z e d .  These sav ings  would come from 
b e i n g  ab le  t o  f a b r i c a t e  l a r g e  f l a t  s h e e t s  of  a b l a t i v e  material ,  
which could l a t e r  b e  machined t o  t h e  d e s i r e d  t h i c k n e s s  and c u t  t o  
t h e  des i r ed  p e r i p h e r a l  dimensions.  Then t h e  pane l s  could  b e  re- 
formed t o  t h e  d e s i r e d  c u r v a t u r e .  

To determine i f  t h i s  could  b e  accomplished,  a f l a t  a b l a t i v e  
pane l  w a s  h e a t e d  and b e n t  over  a mandrel .  
in t roduced  i n t o  t h e  pane l  even though sp r ingback  o c c u r r e d .  

A permanent s e t  w a s  

This  s t u d y  w a s  funded:  t o  de te rmine  i f  t h e r e  w e r e  b e t t e r  
ways of reforming a b l a t i v e  p a n e l s ;  t o  de te rmine  t h e  e f f e c t  of 
pane l  t h i ckness  and r e in fo rcemen t  on t h e  amount of c u r v a t u r e ;  
t o  determine t h e  deg ree  of  cons i s t ency  of  t h e  p r o c e s s ;  and t o  
estimate t h e  c o s t  s av ings  t h a t  could  b e  r e a l i z e d .  

ORBITER RADIUS OF CURVATURE 

The ma jo r i ty  of t h e  o r b i t e r  s u r f a c e  area h a s  l a r g e  r a d i i  of 
cu rva tu re .  To de termine  t h e  s u r f a c e  area t h a t  cou ld  be covered 
us ing  curved panels  formed from p r e v i o u s l y  made f l a t  p a n e l s ,  a 
drawing showing t h e  s u r f a c e  con tour s  of t h e  G I 1 1  O r b i t e r  w a s  p re-  
pared .  Figure 1 d e p i c t s  a s i m p l i f i e d  form of  t h e  drawing.  
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Tab le  I summarizes t h e  r e s u l t s  of t h i s  p a r t  of t h e  s t u d y .  
As can b e  s e e n  from t h e  t a b l e ,  88.7% of t h e  h e a t  s h i e l d  h a s  a 
r a d i u s  o f  c u r v a t u r e  l a r g e r  t han  2.54 m (100 i n . )  and 77 .2% h a s  
a r a d i u s  l a r g e r  than 3.81 m (150 i n . )  

ROOM-TEMPERATURE B E N D I N G  TESTS 

Room-temperature bending tests were run t o  de t e rmine  t h e  
minimum bending r a d i u s  t h a t  could b e  used and t o  de t e rmine  t h e  
amount of p r e s s u r e  r e q u i r e d  t o  f o r c e  t h e  p a n e l s  a g a i n s t  the 
bending mandrels.  

A l l  of t h e  SS-41 ( s e e  r e f .  1) tes t  p a n e l s  used i n  t h i s  s t u d y  
were f i r s t  made i n t o  0.46x0.46-m (18x18-in.) b i l l e t s  and la te r  
c u t  i n t o  10x30-cm (4x12-in.) specimens.  Both 9-mm (3 /8 - in . )  
hexagonal  c o r e  and two-direct ional-bending c o r e  were used f o r  
r e in fo rcemen t .  The b i l l e t s  were cured f o r  16 h r  a t  394°K (250°F) 
under a vacuum p r e s s u r e  of 8 . 3  x N / m 2  (12 p s i a )  . A series 
of bending mandrels were made by r o l l i n g  6.4-mm (1 /4 - in . )  t h i c k  
aluminum p l a t e  t o  r a d i i  of 2.54 m (100 i n . ) ,  1.27 m (50 i n . ) ,  
0 .64 m (25  i n . ) ,  and 0.38 m (15 i n . ) ,  and wooden p i c t u r e  frames 
were f a b r i c a t e d  t o  f i t  over  t h e  mandrels .  These p i c t u r e  frames 
were approximately one-half as t h i c k  as t h e  p a n e l s  and were used 
t o  p r e v e n t  t h e  vacuum bag from p u l l i n g  i n  between t h e  mandrel 
and t h e  tes t  p a n e l .  E l e c t r i c a l  c o n t a c t s  were p l a c e d  on t h e  ends 
of t h e  pane l  t o  i n d i c a t e  when t h e  p a n e l  w a s  f u l l y  i n  c o n t a c t  w i t h  
t h e  mandrel.  F igu re  2 d e p i c t s  t h e  tes t  s e t u p ;  t h e  p i c t u r e  frame 
h a s  been removed f o r  c l a r i t y .  

6 
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F i g u r e  2.- A b l a t i v e  Pane l s  on Bending Mandrel,  
Con tac t s  I n s t a l l e d  

The p a n e l s  were vacuum-bagged and t h e  amount of vacuum pres -  
s u r e  o r  vacuum p r e s s u r e  p l u s  a u t o c l a v e  p r e s s u r e  w a s  r eco rded  when 
the ends  of t h e  pane l  c o n t a c t e d  t h e  mandrels .  A l l  bends were 
made i n  t h e  long [30-cm (12- in . ) ]  d i r e c t i o n .  The specimens w e r e  
c u t  from t h e  b i l l e t s  i n  such a manner as t o  p rov ide  c o r e  r i b b o n s  
running b o t h  p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  bend d i r e c t i o n .  
Table  I1 g i v e s  t h e  r e s u l t s  of t h i s  s t u d y .  

PARTIAL C U R I N G  

W e  o r i g i n a l l y  b e l i e v e d  t h a t  i f  t h e  a b l a t i v e  material  w a s  
o n l y  p a r t i a l l y  cured,  i t  would b e  s i m p l e r  t o  form t h e  p a n e l  t o  
a curved shape .  We a l s o  f e l t  t h a t  t h e  c u r e  would b e  completed 
i n  t h e  cu rv ing  o p e r a t i o n .  To t e s t  t h i s  approach,  pane l s  of S S - 4 1  
material w i t h o u t  c o r e  were prepared and cured a t  366°K (200°F) 
and 394°K (250°F) f o r  p e r i o d s  va ry ing  between 15 minutes  and 
16 h r .  Hardness and f l e x u r a l  s t r e n g t h  tests w e r e  run on t h e  
samples  a f t e r  t h e i r  c u r e  c y c l e .  The tests i n d i c a t e d  t h a t  f u l l  
p r o p e r t i e s  w e r e  achieved a f t e r  4 h r  a t  394°K (250°F) o r  6 h r  a t  
366°K (200"F),  and t h a t  a c u r e  s u f f i c i e n t  t o  hand le  and machine 
t h e  p a n e l s  w a s  achieved a f t e r  2 h r  a t  366°K (200°F) o r  1 112 h r  
a t  394°K (250°F).  

Two l o t s  of  t h e  SS-41 m a t e r i a l  were p repa red .  One l o t  was 
used f o r  c u r e  t i m e s  up t o  2 h r ;  t h e  second l o t ,  f o r  c u r e s  from 
2 h r  t o  1 6  h r .  For some unknown r e a s o n  t h e  f i r s t  l o t  had a 
h i g h e r  f l e x u r a l  s t r e n g t h  than  the second l o t .  T h i s  can be  s e e n  
i n  f i g u r e s  3 t h r u  6 .  

F u r t h e r  s t u d y  of t h e  p a r t i a l  c u r e  method w a s  s topped a t  t h i s  
p o i n t  s i n c e  t h e  method w a s  cons ide red  i m p r a c t i c a l .  The r e s i n  
sys t em used i n  t h e  a b l a t o r s ,  GE 655 ,  c u r e s  i n  about 1 . 5  h r  ( s e e  
f i g s .  5 and 6 ) .  However, t h e  pheno l i c  r e s i n  on t h e  honeycomb 
c o r e ,  which bonds t h e  a b l a t o r  ma t r ix  t o  t h e  c o r e ,  h a s  n o t  had 
t i m e  t o  c u r e  and form a complete bond. When t h e  p a n e l s  are 
b e n t ,  t h e  a b l a t o r  debonds a t  t he  c e l l  w a l l s .  To overcome t h e s e  

8 



a a a  a m a  

P I U  m u  P I U  . u  . u  . u  
N Q  c o m  h l m  
e u  w u  u u  

e w m o  
UJaPIu 
. . . .  3 m o o  

9\Drle 
4 r l N r l  

. . . .  0 0  0 0 

?Id rl rl 
. . . .  3 0 N r -  

m r l  
. . . .  

o m m m  

t 
J 
I 
0 
4 

t 
I 
0 
rl 

X 
m m m o  
e o w a  
m r l  

. . . .  
m m m m  
N N W N  

I 
0 
rl 

I 
3 
rl 

x 
m m m m  
\ D \ D \ D u Y  

0 
. . . .  

X 
h m r l P -  
r l N r l r l  
. . . .  

X 
o e m w  
r l r l u m  
d 4 r l  

. . . .  
i 

m m m m  
N N N N  

0000 m m m m  o o o c  
o o o c  
rlrlrlr 

0000 m m m m  

e u u 4  m m m w  
N N N h  
. . . .  PIPIbr- 

" N N  

4 4 r l r l  
. . . .  e u u u  

\ D w a \ D  
0 
. . . .  u e e *  

w \ D \ D \ D  

0 
. .  e u u u  m m m m  

N N N N  
. . . .  PIPIbr- 

N N N N  

rlrlrlrl 
. . . .  

m m a i  
m m a a  h $ 4 $ 4 b  

P l P l P l P  

N N N C I  rlrlrlrl 

o o o c  
m m m u  
. . .  o o o c  

m m m w  
. . . .  0 0 0 0  

m m m m  
. .  m m m m  

N N N N  
. . . .  m m m m  

N N N N  
. . . .  m m m w  

N N N N  
. . . .  m v I  

Nt-4 
. .  

9 



60 

a 

5 
M 

30- 
Y v1 

4 

20- 2 
4 
Irr 

10- 

0-  
4 6 8 10 12 14 16 0 2 

Cure t i m e ,  h r  

F i g u r e  3 . -  F l e x u r e  S t r e n g t h  a t  366°K (200'F) 

60 

I 

0 2 4 6 8 10 12  14 16 

Cure t i m e ,  h r  

F i g u r e  4 . -  F l e x u r e  S t r e n g t h  a t  394°K (250'F) 

10 



I .  

4 

. 

4c 

30 

Cure time, h r  

Figure 5.- Hardness a f t e r  Cure a t  366'K (ZOOOF) 

60 

50 

40 
0 + 

20 

10 

Cure time, h r  

Figure 6 . -  Hardness a f t e r  Cure a t  394'K (250°F) 

11 



d i f f i c u l t i e s  i t  would b e  n e c e s s a r y  e i t h e r  t o  change the a b l a t o r  
r e s i n  system t o  g i v e  a s lower  cu re  ra te  o r  t o  develop a two-step 
c u r i n g  system. 

HOT BENDING TEST 

F l a t  a b l a t i v e  p a n e l s  were f a b r i c a t e d  f o r  t h e s e  tests u s i n g  
a method i d e n t i c a l  t o  t h a t  used f o r  t h e  room-temperature bending 
specimens.  The same bending mandrels were used. Heat w a s  ap- 
p l i e d  u s i n g  a n  a u t o c l a v e  ( s e e  f i g .  7 ) .  

F i g u r e  7 . -  Pane l s  i n  Autoclave 

A f t e r  the p a n e l s  were placed ove r  t h e  mandrels and vacuum- 
bagged, t h e  assembly w a s  placed i n  an au toc lave  and t h e  bag  w a s  
evacua ted .  A d d i t i o n a l  p r e s s u r e  w a s  t hen  a p p l i e d  where n e c e s s a r y .  
The h e a t  w a s  t hen  s t a r t e d .  The r e l a x a t i o n  c y c l e  began when t h e  
p a n e l  reached the test t empera tu re .  

The f i r s t  series of tests c o n s i s t e d  of  a 2-hr h e a t  c y c l e  a t  
436°K (325°F) u s i n g  p a n e l s  r e i n f o r c e d  w i t h  hexagonal honeycomb 
c o r e .  Tab le  I11 g i v e s  t h e  resul ts  of t h e s e  t es t s .  Another 
series of tests w a s  run u s i n g  t w o - d i r e c t i o n a l  c o r e  i n  p l a c e  of 
t h e  s t a n d a r d  c o r e .  Table  I V  g ives  t h e  r e s u l t s  of t h e s e  l a t t e r  
tests. 

S e v e r a l  c o n c l u s i o n s  were drawn from t h e s e  tests: 
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The sp r ingback  w a s  nonrep roduc ib le  ; 

Pane l  t h i c k n e s s  

cm i n .  

5.08 2 .o 
5.08 2.0 

The 5.08-cm (2- in . )  t h i c k  pane l s  could  b e  b e n t  c o l d  t o  
a 1.27-m (50-in.) r a d i u s .  When heat w a s  a p p l i e d  t h e  
p a n e l s  cracked.  This w a s  a t t r i b u t e d  t o  the f a c t  tha t  
the material's a l l o w a b l e  s t r a i n  p r o p e r t i e s  d e c r e a s e  as 
the tempera ture  i n c r e a s e s ,  
class of materials; 

T h i s  i s  t y p i c a l  of t h i s  

Mandrel r a d i u s  Radius formed Core type Ribbon d i r e c t i o n  

2.54 100 Hexcel P a r a l l e l  t o  c u r v a t u r e  

2.54 100 Hexcel Pe rpend icu la r  t o  c u r v a t u r e  

m i n .  m i n .  

4.28 175 

4 . 1 2  168 

Springback was l a r g e r  t han  d e s i r e d ;  

F a i l u r e s  occurred  more f r e q u e n t l y  w i t h  the t w o - d i r e c t i o n a l  
c o r e  t h a n  w i t h  t h e  hexagonal  co re .  

F i g u r e  8 shows t h e  b e n t  5.08-cm (2- in . )  t h i c k  p a n e l .  Fig-  
u r e  9 shows the b e n t  2.54-cm (1.0-in.)  t h i c k  pane l .  

A t h i r d  series of tests, u s i n g  a 2.54-m (100-in.) r a d i u s  
mandre l ,  w a s  r u n  t o  de te rmine  i f  a h i g h e r  bending t e m p e r a t u r e ,  
464°K (375"F), would reduce  the spr ingback .  Tab le  V g i v e s  t h e  
results of this test. 
the sp r ingback  w a s  s t i l l  l a r g e r  t han  d e s i r e d .  

A s l i g h t l y  b e t t e r  bend w a s  ach ieved ,  b u t  

F i g u r e  8. - Bent 5.08-cm (2-in. 1 Thick Panel  

F igu re  9.- Bent 2.54-cm (1.0-in.)  Thick P a n e l  
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I n  t h e  n e x t  se r ies  of tests w e  used a smaller bending r a d i u s ,  
1 . 2 7  m (50 i n . ) ,  and h e l d  t h e  t empera tu re  a t  394°K (250°F) f o r  a 
l o n g e r  t i m e .  This w a s  t o  de t e rmine  i f  w e  could keep t h e  a c t u a l  
s t r a i n  below the a l l o w a b l e  s t r a i n  and produce a b e t t e r  s e t .  
Tab le  V I  g i v e s  the r e s u l t s  of these tests. 

D e s p i t e  t h i s  approach,  w e  w e r e  s t i l l  exceed ing  t h e  s t r a i n  
l i m i t .  The p a n e l s  c r acked .  During t h e  p r e v i o u s  tests w e  had 
no ted  t h a t  when t h e  p a n e l s  were b e n t  p e r p e n d i c u l a r  t o  t h e  r i b b o n  
d i r e c t i o n  less c r a c k i n g  o c c u r r e d .  As a r e s u l t ,  w e  made a new 
mandrel w i t h  a 1.65-m (65-in.)  r a d i u s  and r e p e a t e d  t h e  tes t  u s i n g  
t h i s  mandrel ,  changing t h e  bending d i r e c t i o n  w i t h  r e s p e c t  t o  t h e  
c o r e  r ibbons .  Table  VI1 g i v e s  the r e s u l t s  of  t h e s e  tests. 

A s  shown in the t a b l e ,  this e l i m i n a t e d  c r a c k i n g  of t h e  p a n e l s ,  
b u t  the d a t a  sca t te r  w a s  s t i l l  l a r g e  and a n  i n s u f f i c i e n t  se t  oc- 
cu r red .  By th i s  p o i n t ,  t i m e  w a s  runn ing  o u t  and the l a r g e  de- 
l i v e r a b l e  hardware had t o  b e  committed t o  f a b r i c a t i o n .  T h e r e f o r e  , 
a bes t -guess  f a b r i c a t i o n  method w a s  e s t a b l i s h e d  and f a b r i c a t i o n  
was begun. The c u r i n g  c y c l e  w a s  d e r i v e d  from the f o l l o w i n g  con- 
s i d e r a t i o n s  : 

1) The p a n e l s  could b e  b e n t  on a 1.65-m (65-in.)  r a d i u s  
u s i n g  a 4-hr c u r e  a t  394°K (250°F);  

2) The c o r e  r ibbon  should b e  p e r p e n d i c u l a r  t o  t h e  bending 
d i r e c t i o n ;  

3 )  The p a n e l s  b e n t  a t  394°K (250°F) d i d  have a permanent 
se t ,  and w e  assumed t h a t  some of t h e  r e s i d u a l  s t r a i n  
had been r e l i e v e d ;  

4) Using a h ighe r - t empera tu re  c y c l e  would i n c r e a s e  t h e  s e t .  

FABRICATION OF LARGE PANELS 

Under t h i s  c o n t r a c t  w e  w e r e  t o  f a b r i c a t e  s i x  l a r g e - s c a l e  
p a n e l s  (see f i g .  10) t o  de t e rmine  i f  t h e r e  were any problems as- 
s o c i a t e d  w i t h  s c a l i n g  and t o  d e t e r m i n e  t h e  r e p e a t a b i l i t y  of t h e  
p rocess .  S i x  f l a t  p a n e l s ,  each 0.457 m (18 i n . )  s q u a r e ,  were 
f a b r i c a t e d  u s i n g  hexagonal  c o r e  r e i n f o r c e m e n t ,  f i l l e d  w i t h  SS-41 
a b l a t i v e  material ,  and cured f o r  1 6  h r  a t  394°K (250°F) under  
vacuum p r e s s u r e .  A f t e r  be ing  c u r e d ,  two of t h e  p a n e l s  were 
machined t o  a t h i c k n e s s  of 5 .08  cm ( 2  i n . ) ;  t h e  o t h e r  f o u r ,  t o  a 
th i ckness  of 2.54 c m  (1 i n . ) .  A p i c t u r e  frame w a s  then made t o  
accommodate t h e  l a r g e r  p a n e l s .  
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F i g u r e  10.- Large  rO.46xO.46-m (18x18-in.)]  
Pane l s  

The fo l lowing  procedure  was used f o r  bending and measuring 
pane l s  : 

The p a n e l  w a s  p l aced  i n  t h e  t o o l  and vacuum-bagged; 

The pane l  w a s  t h e n  p laced  i n  t h e  a u t o c l a v e ,  and t h e  bag  
w a s  evacuated ;  

Next, t h e  a u t o c l a v e  was p r e s s u r i z e d  t o  42.7 x l o 4  N/m2 
(62 p s i a )  , which i n c l u d e s  8 .3  x l o 4  N/m2 (12.0 p s i a )  
from t h e  evacuated  vacuum bag ,  and t h e n  h e a t e d  t o  394OK 
(250°F). 
t h e  d e s i r e d  tempera ture)  ; 

(The c u r e  c y c l e  s t a r t e d  once the p a n e l  reached  

The p a n e l  was h e l d  under t h e  d e s i r e d  p r e s s u r e  and h e a t  
f o r  4 h r ,  then  cooled t o  356°K (150°F) under  p r e s s u r e  
and removed t o  measure  t h e  d e f l e c t i o n ;  

A f t e r  measuring t h e  d e f l e c t i o n ,  t h e  p a n e l  w a s  rebagged 
and r e p r e s s u r i z e d ;  

The a u t o c l a v e  was hea ted  t o  436°K (325°F) and h e l d  a t  
t h a t  tempera ture  f o r  1 h r ;  

The p a n e l  w a s  t h e n  cooled t o  356°K (150OF) under  p r e s -  
s u r e  and removed t o  remeasure i t s  d e f l e c t i o n ;  

The d e f l e c t i o n  w a s  aga in  measured 2 h r  la ter .  

(NOTE: The pane l s  were removed from t h e  a u t o c l a v e  a f t e r  t h e  
394°K (250°F) cu re  only  t o  o b t a i n  a d d i t i o n a l  d a t a .  The normal  
c y c l e  would b e  t o  go d i r e c t l y  t o  436°K (325°F) w i t h o u t  a cool -  
down and rebagging  o p e r a t i o n . )  

18 



A f t e r  2 weeks t h e  r a d i u s  of c u r v a t u r e  of t h e  p a n e l s  w a s  
remeasured t o  de te rmine  i f  t h e r e  had been  any change. (During 
t h i s  p e r i o d  t h e  pane l s  were l a y i n g  on f l a t  s h e l v e s  and were n o t  
suppor t ed  under t h e i r  curved s u r f a c e . )  A change i n  t h e  dimension 
w a s  no ted .  The pane l s  were then  packaged s o  t h a t  they  were f u l l y  
suppor t ed  over  t h e  curved s u r f a c e  and were then  s t o r e d .  Approxi- 
ma te ly  1 112 months a f t e r  b e i n g  b e n t  t h e  p a n e l s  w e r e  a g a i n  re- 
measured. The r e s u l t s  of t h e s e  measurements a r e  g iven  i n  t a b l e  
VIII. 

Radius 
a f t e r  2 hr T-- 3.02 2.76 

3.22 

3.02 

TABLE VII1.- 0.46x0.46-m (18x18-in.) LARGE-PANEL BEND TEST - 
1.65-m (65-in.)  RADIUS MANDREL 

Radius Radius 
a f t e r  2 weeks a f t e r  15 months 

i n .  in. 

162 4.54 179 

207 

3 .61  4.11 198 142 162 5 4 6  4 .34  3.56 140 1 7 1  

3.61 142 4.99 197 

3.28 129 3.5 138 
~ - _ _  

P a n e l  
t h i c k n e s s  

cm 

2 .5  

2.5 

2.5 

2.5 

5.0 

5 .0  

- 

~ 

_- 
in. 

1 

1 

1 

1 

2 

2 

~ 

-~ _-__- 
Radius a f t e r  4 h r  
a t  394°K (250OF) 

- - 
m 

6.09 

5 .76  
_ _  

4.32 

4 .98  

4 .16  

i n .  

240 

227 

~- 

_- 

170 

196 

164 

I n i t i a l  r a d i u s  
after  1 h r  at 436°K 

(325°F) 

3.32 

2.56 101  

2.97 117 
3 .12  

2.74 108 

The l a r g e  pane l s  had v a r y i n g  r a t e s  of sp r ingback  and con- 
t i n u e d  t o  s t r a i g h t e n  o u t  up t o  t h e  t i m e  t hey  were sh ipped .  
Whether t h e  pane l s  were suppor t ed  o r  n o t  d i d  n o t  appear  t o  pre- 
v e n t  them from s t r a i g h t e n i n g .  This phenomenon is  a t t r i b u t e d  t o  
locked-in stresses p r e s e n t  i n  t h e  curved pane l s .  Apparen t ly ,  
t h e  h e a t  c y c l e s  t h a t  were used d i d  n o t  completely relax t h e  
pane l s .  

It i s  a l s o  worth n o t i n g  that  t h e r e  w a s  no  d e f l e c t i o n  per-  
p e n d i c u l a r  t o  t h e  bending d i r e c t i o n .  U n f i l l e d  honeycomb c o r e ,  
when b e n t  i n  one d i r e c t i o n ,  a l s o  t e n d s  t o  bow up i n  t h e  o t h e r  
d i r e c t i o n .  However, no  ev idence  of t h i s  bowing w a s  found w i t h  
e i t h e r  t h e  s m a l l  samples o r  t h e  l a r g e  p a n e l s .  

Longer c u r i n g  t i m e s  a t  h i g h e r  f i n a l  t empera tu res  might pro- 
duce a s h a r p e r  r a d i u s  of cu rva tu re .  However, s i n c e  a u t o c l a v e  
p r e s s u r e  i s  r e q u i r e d  f o r  t h e  5.08-cm (2- in . )  t h i c k  p a n e l s ,  t h i s  
would t i e  up expens ive  c a p i t a l  equipment. 
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COST AlYALY S I S 

Taking f l a t  s t o c k  p a n e l s  and forming them i n t o  curved p a n e l s  
has  s eve ra l  advantages.  One advan tage  i s  t h a t  a l a r g e r  number of 
s t o c k  f l a t  p a n e l s  can b e  made f o r  l a te r  custom forming.  This  
would r educe  c o s t  by moving t h e  accumulated average c o s t  f u r t h e r  
a long a given l e a r n i n g  cu rve .  A second advan tage  i s  t h a t  t h e  
t h i c k n e s s  may be  machined i n  a f l a t  c o n f i g u r a t i o n  r a t h e r  than i n  
a curved c o n f i g u r a t i o n .  

On t h e  n e g a t i v e  s i d e ,  e s s e n t i a l l y  t h e  same curved t o o l i n g  i s  
r e q u i r e d  whether  t h e  p a n e l  i s  cu red  t o  a given c u r v a t u r e  o r  l a t e r  
formed t o  t h e  c u r v a t u r e .  Furthermore,  on t h i c k  s e c t i o n s ,  au to -  
c l a v e  p r e s s u r e  i s  r e q u i r e d  t o  bend t h e  p a n e l s  t o  t h e  d e s i r e d  
r a d i u s .  And f i n a l l y ,  an a d d i t i o n a l  s t e p  of h e a t - t r e a t i n g  t h e  
panel  t o  i n t r o d u c e  a c u r v a t u r e  i s  r e q u i r e d .  

To estimate t h e  c o s t  of f a b r i c a t i n g  curved p a n e l s  from f l a t  
s t o c k  s h e e t s  w e  modif ied t h e  c o s t  estimates used i n  two p r e v i o u s  
NASA c o n t r a c t s ,  NAS1-10793 ( r e f .  1 )  and NAS1-9946 ( r e f .  2 ) .  The 
fo l lowing  s t e p s  w e r e  t a k e n  t o  arr ive a t  the estimates. F i g u r e  
11 shows t h i s  c a l c u l a t i o n .  

1 )  The c o s t  of f a b r i c a t i n g  curved pane l s  by c u r i n g  them i n  
a curved c o n f i g u r a t i o n  w a s  a r r i v e d  a t  by a p p l y i n g  t h e  
c o s t  f a c t o r s  from r e f e r e n c e  1 t o  t h e  c o s t  computed f o r  
curved p a n e l s  under  r e f e r e n c e  2 .  
t h e  c o s t  estimates f o r  curved p a n e l s  t o  r e f l e c t  t h e  
l a tes t  f i g u r e s  . 

This  procedure u p d a t e s  

2)  The t i m e  saved due t o  u s i n g  s i m p l e r  machining o p e r a t i o n s  
f o r  f l a t  p a n e l s  w a s  found t o  b e  2 4  minutes  p e r  p a n e l .  
The added t i m e  f o r  bend ing  w a s  found t o  b e  6 3  m i n u t e s .  
The n e t  t i m e  ( c o s t )  i n c r e a s e  r e q u i r e d  t o  f a b r i c a t e  a 
curved pane l  i n s t e a d  of a f l a t  p a n e l  i s  t h e r e f o r e  39 
minu tes .  

3) The c o s t  p e r  u n i t  area p e r  run t i m e  w a s  t h e n  computed 
f o r  a 100-panel l o t .  T h i s  c o s t  w a s  t hen  m u l t i p l i e d  by 
t h e  a d d i t o n a l  39 minutes  r e q u i r e d ,  which g i v e s  t h e  c o s t  
d i f f e r e n t i a l  f o r  f a b r i c a t i n g  curved p a n e l s .  

4 )  Next t h e  u n i t  c o s t  f o r  1000 f l a t  p a n e l s  w a s  added t o  t h e  
d e l t a  c o s t  of bending t h e  p a n e l s  (based on a 100-uni t  l o t ) .  
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The above f i g u r e  i s  now t h e  e s t i m a t e d  c o s t  f o r  f a b r i -  
c a t i n g  one curved pane l  i n  l o t s  of 100. 

/ 

Process  10 100 

$/m2 $ / f t 2  $ /m2 S / f t 2  

O l d  method 1362 126.68 939 87.35 

F l a t  p a n e l  bending 963 89.54 664 61.74 

Saving 399 37.14 275 25.61 
1 

The c o s t  f o r  forming curved pane l s  from f l a t  p a n e l s  
( I t e m  4) w a s  s u b t r a c t e d  from t h e  c o s t  of f a b r i c a t i n g  
curved p a n e l s  computed u s i n g  t h e  o l d  method ( I t em 1) 
t o  a r r i v e  a t  a n e t  s a v i n g .  

1000 

$ / m 2  $ / f t 2  

660 61.35 

466 43.36 

194 17.99 

To de te rmine  t h e  per-panel  c o s t  f o r  l o t s  of 10 and 1000 
p a n e l s ,  t h e  u n i t  c o s t  a r r i v e d  a t  f o r  a 100-panel l o t  w a s  
a d j u s t e d  u s i n g  t h e  same f a c t o r  a p p l i e d  t o  t h e  f l a t  
pane l s  e s t i m a t e d  i n  r e f e r e n c e  1. 

Table  I X  g i v e s  t h e  r e s u l t s  of t h e  c o s t  a n a l y s i s  conducted 
under t h i s  s tudy .  The real  s a v i n g s  are r e a l i z e d  by b e i n g  a b l e  
t o  make l a r g e r  amounts of f l a t  pane l s .  The c o s t  d i f f e r e n t i a l  
f o r  an e q u a l  number of p a n e l s  made by t h e  o l d  p rocess  v s  t h e  
new p rocess  i n d i c a t e s  t h a t  f a b r i c a t i o n  c o s t s  would b e  h i g h e r  f o r  
f a b r i c a t i n g  and bending t h e  f l a t  p a n e l s  than f o r  forming t h e  
curved pane l s  d i r e c t l y .  

TABLE 1 X . -  PANEL COST PER U N I T  AREA FOR CURVED PANELS 

CONCLUS IONS 

The fo l lowing  c o n c l u s i o n s  w e r e  made d u r i n g  the s t u d y .  

1 )  The S h u t t l e  O r b i t e r  TPS h a s  a l a r g e  r a d i u s  of c u r v a t u r e  
ove r  most of t h e  s u r f a c e  p a n e l s .  Seventy s i x  p e r c e n t  of 
t h e  s u r f a c e  area h a s  a r a d i u s  of 6 .35  m (250 i n . )  o r  
l a r g e r .  
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2) Pane l s  can b e  b e n t  a t  room tempera tu re  t o  a smaller rad-  
i u s  t h e n  when h o t .  A s t ra in  i s  in t roduced  i n t o  t h e  p a n e l  
when i t  is b e n t .  When the  p a n e l  i s  h e a t e d  t o  s e t  t h e  
bend ,  a f a i l u r e  w i l l  occur .  The a l lowab le  s t r a i n  of  
t h e  a b l a t i v e  material dec reases  w i t h  a rise i n  temper- 
a t u r e .  

3) The procedure  i n  which p a r t i a l l y  cured  pane l s  are b e n t  
and t h e  bending  tempera ture  c y c l e  i s  al lowed t o  complete  
t h e  p a n e l  c u r e  proved t o  be  u n f e a s i b l e .  The r e s i n  sys-  
t e m  used i n  t h e  a b l a t o r  m a t e r i a l  cured b e f o r e  t h e  p h e n o l i c  
r e s i n  c o a t i n g  on t h e  honeycomb c o r e .  The p h e n o l i c  r e s i n  
i s  used t o  bond t h e  a b l a t o r  m a t r i x  t o  t h e  r e i n f o r c i n g  
c o r e .  Without a bond e s t a b l i s h e d ,  t h e  pane l s  f a i l e d  
when a bending  l o a d  w a s  a p p l i e d .  

4 )  There  i s  c o n s i d e r a b l e  s c a t t e r  i n  t h e  amount of s p r i n g -  
back. We are not  s u r e  why t h i s  v a r i a b l e  sp r ingback  
o c c u r s  from pane l  t o  pane l .  

5) The c u r e  c y c l e s  i n v e s t i g a t e d  s t i l l  l e f t  l ocked- in  resi- 
d u a l  stresses i n  t h e  p a n e l s .  These r e s i d u a l  stresses 
cause  t h e  p a n e l s  t o  con t inue  t o  s t r a i g h t e n  ou t  over  t i m e  
a f t e r  t h e  bending c y c l e .  

6 )  A s u b s t a n t i a l  c o s t  sav ings  can  be  r e a l i z e d  by bending 
f l a t  p a n e l s  i n s t e a d  of forming curved p a n e l s  d i r e c t l y .  
A l a r g e  number of similar f l a t  p a n e l s  could  t h e n  be  
f a b r i c a t e d  f o r  a g i v e n  s h i p .  

7 )  The p r o c e s s  i s  no t  recommended a t  t h i s  t i m e  due t o  un- 
known p r o c e s s  v a r i a b l e s  and r e s i d u a l  stresses i n  t h e  
p a n e l s .  

Mar t in  Marietta Corpora t ion  
Denver,  Colorado 80201 

September 1, 1972 
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