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Although t h e  use  of  mechanical attachment and p a r t i a l  bond systems o f f e r  
c e r t a i n  s t r u c t u r a l  advantages i n  a t t a c h i n g  Reusable s u r f a c e  -Insulation (RSI) 
to t h e  Space S h u t t l e  S t r u c t u r e ,  continuous bonding i s  regarded as t h e  most 
r e l i a b l e  system. This i s  pr imar i ly  due t o  the  l imi t ed  s t r e n g t h  and s t r a i n  
c a p a b i l i t y  o f  t he  high temperature ceramic m a t e r i a l s  r equ i r ing  a s o f t  foam 
pad m a t e r i a l  f o r  s t r a i n  i s o l a t i o n  a s  p a r t  of  t h e  attachment system. 

Y The foam bond attachment systems most l i k e l y  t o  meet a l l  t h e  requirements ,  
inc luding  both  l o w  and high temperature extremes are based on the  %om - Temperature Vulcanizing (RTV) s i l i c o n e  elastomers .  

This  paper desc r ibes  approaches taken by GE-RESD to develop and eva lua te  
reduced dens i ty ,  high r e l i a b l e  foamed bond s t r a i n  i s o l a t i o n  attachment 
systems f o r  RSI. Included a r e  da ta  on v i r g i n  a s  w e l l  a s  on m a t e r i a l  t h a t  
received 100 cyc le s  of  exposure t o  650°F f o r  approximately 20 minutes per 
cyc le .  
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1.0 INTRODUCTION 

1.1 Design 

Typica l  areas o f  t h e  space s h u t t l e  v e h i c l e  t h a t  may be covered wi th  
reusable  ceramic i n s u l a t i o n  inc lude  leading edges,  nose caps; windward 
body s e c t i o n s ,  wings, f i n s ,  and c o n t r o l  su r f aces .  The-maximum su r face  
temperature  requirements f o r  each of t hese  a r e a s  w i l l  de f ine  t h e  app l i cab le  
i n s u l a t i v e  m a t e r i a l  system t o  be  used. .Allowable p r i m a r y  s t r u c t u r e  or 
mounting panel  temperatures w i l l  e s t a b l i s h  requi red  i n s u l a t i o n  th icknesses .  

The primary s t r u c t u r e  arrangements f o r  t h e s e  var ious  reg ions  of t h e  
v e h i c l e  inc lude  monocoque and ,semi-monocoque cons t ruc t ions  wi th  the  RSI 
i n t e g r a l l y  a t t ached .  

I n  t h e  i n t e g r a l  panel concept (Figure l),  t h e  i n s u l a t i o n  i s  bonded 
d i r e c t l y  t o  t h e  primary a i r  frame s t r u c t u r e ,  and a l l  of t h e  a i r  loads are 
t r ansmi t t ed  d i r e c t l y  t o  t h i s  s t r u c t u r e .  
attachment t o  t h e  primary s t r u c t u r e  the  most e f f i c i e n t  approach. 

Adhesive bonding makes d i r e c t  

The i n s u l a t i o n  may be bonded to  s tandard s t r u c t u r a l  m a t e r i a l s  such as 
aluminum, t i t an ium, 'phenol ic  g l a s s  honeycomb, o r  super  a l l o y s  such as Inconel.  
I n  the  s u b j e c t  d i scuss ion ,  aluminum and t i t an ium a r e  considered a s  r e p r e s e n t a t i v e  
s t r u c t u r a l  ma te r i a l s .  The maximum opera t ing  temperature ,  inc luding  s a f e t y  
f a c t o r s ,  is 350°F f o r  aluminum and 650°F f o r  t i t an ium.  

1.2 Requirements 

1.2.1 Mec hanica 1 

U s e  of e s s e n t i a l l y  continuous attachment i s  deemed necessary f o r  RSI due 
t o  t h e  l imi t ed  s t r e n g t h  and s t r a i n  c a p a b i l i t y  of t h e s e  high temperature ceramic 
ma te r i a l s .  This negates  the  use of  i nd iv idua l  mechanical attachments and 
r equ i r e s  the  use  o f  a s o f t  foam pad m a t e r i a l  fo r  s t r a i n  i s o l a t i o n  as p a r t  of 
t h e  attachment system. 

Typical  t e n s i l e  s t r e s s e s  t h a t  w i l l  develop i n  t h e  foam bond m a t e r i a l  
system, due t o  the  thermal g rad ien t s  r e s u l t i n g  from e n t r y  hea t ing ,  are shown 
i n  Figure 2 a s  a func t ion  of time f o r  s eve ra l  hea t ing  r a t e s  r ep resen ta t ive  of 
a t y p i c a l  c r o s s  range o r b i t e r .  
s t r e n g t h  i s  r e l a t i v e l y  low. 
per iod i n  the  mission when t h e  temperature has peaked (Figure 3). 

It may be noted from Figure 2 ,  t h a t  t h e  requi red  
However, t he  maximum s t r e s s e s  occur a t  a t i m e  
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Severa l  m a t e r i a l  p rope r t i e s  are c r i t i ca l  i n  t h e  design of an RSI I 

thermal p ro tec t ion  system. They are 1) u l t ima te  s t r e n g t h  i n  t ens ion  and 
shear ,  2) modulus of e las t ic i ty ,  and 3) thermal expanslon. 

O r b i t a l  soak-out, p a r t i c u l a r l y  a t  t h e  -2500F temperature, develops 
high shear  and t e n s i l e  stresses i n  t h e  bond system, s ince  i t i i s  below i ts  
g l a s s  t r a n s i t i o n  temperature. 

Post-entry a l s o  imposes stresses on the  bond s ince  t h e  RSI has become 
r e l a t i v e l y  coo l  bu t  t h e  bond has soaked ou t  t o  t h e  400-600°F temperature 
range where s t r e n g t h  p rope r t i e s  are s t rong ly  influenced and reduced by 
temperature. - 
1.2.2 Weight 

The manufacturing to l e rances  on t h e  RSI and the  a i r f rame sk in ,  and t h e  
requirements f o r  low shear  s t i f f n e s s  d i c t a t e  a bondline thickness of a t  l e a s t  
0.070". The d e n s i t i e s  of  t y p i c a l  candidate adhesive systems range from about 
66 t o  90 l b / f t 3  which a t  a bondline thickness of 0.070" t r a n s l a t e  i n t o  a bond 
weight of 0.385 t o  0.525 l b / f t 2 .  
bondline thickness i s  r e l a t i v e l y  f ixed ,  can b e s t  be achieved by reducing i t s  
dens i ty .  
shear  s t i f f n e s s  of t h e  bond. 
t h e  s t r e n g t h  of t h e  bond. 
s t r e n g t h  and bond dens i ty .  

1.2.3 Thermal 

Reduction of t he  bond weight, s ince  t h e  

For tuna te ly ,  t h i s  i s  a l s o  the  d i r e c t i o n  des i r ed  f o r  reducing t h e  
However, a decrease i n  dens i ty  w i l l  a l s o  decrease 

Accordingly, a trade-off i s  required between bond 

The adhesive system must be capable of performing i t s  intended func t ion  
f o r  100 missions a t  t he  maximum normal e n t r y  design bondline temperatures 
without excessive thermal degradation o r  change i n  p rope r t i e s .  These 
temperatures are a 350°F f o r  an aluminum s t r u c t u r e  and N 650°F f o r  t i t an ium 
w i t h  a f a c t o r  of  s a f e t y .  I n  add i t ion ,  t h e  system must be  compatible wi th  the  I 

, 

-250°F temperature experienced during o r b i t a l  s t ay .  Figures 3 and 4 show i 
t y p i c a l  a r ea  1 and 2P temperature h i s t o r i e s  f o r  var ious  combinations of REI i 

t i l e  and bond th icknesses .  

Area 1 and a r e a  2P a r e  NASA/MSC point design designations represent ing  
two extremes of s h u t t l e  heating f o r  RSI app l i ca t ions .  Area 1 is  rep resen ta t ive  
of h a t i n g  which produces su r face  temperatures of 1400°F, and i n  a rea  2P 
su r face  temperatures of 2300' a r e  reached. 

t 
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1.2.4 Space Environment , 

Since the  space s h u t t l e  
.be taken to remove m a t e r i a l s  

w i l l  be  subjec ted  t o  a hard vacuum, 
which may v o l a t i l i z e  and recondense 

care must 
on co lde r  

o r  more polar por t ions  o f  t h e  v e h i c l e .  
system here d iscussed ,  volat i les  are.  removed during t h e  post-cure cyc le .  
In a d d i t i o n ,  t h e  bond system must be s t a b l e  t o  t h e  space environment r ad ia t ion .  

I n  the  open c e l l  s i l i c o n e  foam 

1.2.5 Ground Environment 

The bond system must be s t a b l e  t o  the  e f f e c t s  of humidity, moisture  and 
s a l t  spray.  
a i r c r a f t  ground handling, and be compatible wi th  rocke t  and j e t  f u e l s  as w e l l  
a s  wi th  common c leaning  so lven t s .  

It must no t  support  t he  growth of fungus. It must also withstand 

2 .o ADHESIVE MATERIALS 

Analysis of t h e  e s t ab l i shed  requirements f o r  t he  RSI attachment i n d i c a t e  
t h e  most probable a p p l i c a t i o n  method t o  be by adhesive bonding. As i nd ica t ed ,  
t h e  use  of a high shear  s t i f f n e s s  adhesive induces high shear  stress con- 
c e n t r a t i o n s  a t  the  i n t e r f a c e  between the  su r face  i n s u l a t i o n  and t h e  s t r u c t u r e ,  
and, as a r e s u l t ,  imposes unnecessar i ly  high s t r e n g t h  requirements on t h e  
bond and RSI. The use  of a f i n i t e  th ickness  f l e x i b l e  adhesive,  on the  o t h e r  
hand, r e s u l t s  i n  t h e  a t t e n u a t i o n  o f  stress concent ra t ions  and i n  a reduct ion  
o f  t h e  shear  stress requirements f o r  both t h e  adhesive and t h e  i n s u l a t i o n .  

1 

Careful  eva lua t ion  of  t he  a v a i l a b l e  commercial m a t e r i a l s  w i th  c a p a b i l i t y  
of meeting a l l  t h e  requirements l e d  t o  t h e  s e l e c t i o n  of t he  room temperature 
vulcaniz ing  s i l i c o n e  rubbers (RTV). The following were s e l e c t e d  f o r  
cons ide ra t ion  and eva lua t ion  from t h e  prime candida te  systems ind ica t ed  i n  
Table I. 

2.1 PD-200 (Base) 

PD-200 (Base) i s  a s o l i d  methyl-phenyl s i l i c o n e  which can be  cured t o  a 
s t r o  g rubbery s t a t e  a t  room temperature w i t h  t i n  soap c a t a l y s t s  such as 
T-12 o r  Nuocure 2s2. It cures  by a condensation mechanism wi th  the  
e l imina t ion  of v o l a t i l e  by-products.  
i n  t he  inner  por t ions  of l a rge  bonded a r e a s  of non-porous ma te r i a l s .  

P 
Venting i s  necessary t o  achieve cu re  

Dibutyl  Tin Di l au ra t e ,  M&T Chemical Corporation. 

2 Tin Octoate ,  Tenneco Chemicals, Inc. ,  Nuodex Divis ion  
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2.2 PD-200 

PD-200 i s  an open c e l l ,  methyl-phenyl s i l i c o n e  foam e x h i b i t i n g  a n  
extremely f i n e  ce l l  s t r u c t u r e  which i s  uniformly d i s t r i b u t e d .  
formulated and chemically blown a t  ambient temperature  and pressure  u t i l i z i n g  
open pan type  molds. 
po in t  t he  foamed bun i s  s l i t  t o  remove t h e  su r face  s k i n s ,  then s t e p  w i s e  
post-cured t o  350°F over a 26 hour Feriod t o  s t a b i l i z e  weight and dimensions. 
Upon c o m p k t i s n  sS- pst cure- 2.rce foam i s  s l i t  t o  design th ickness  us ing  
commercial rubber s l i t t i n g  equipment. - 

It is  

I n i t i a l  foaming and c u r e  r equ i r e s  one hour. A t  t h i s  

2.3 PD-200 (Mod) 

PD-200 (Mod) i s  an open c e l l ,  methyl-phenyl s i l i c o n e  foam. I n  c o n t r a s t  
t o  the  s tandard  PI>-200, by means of  proper s e l e c t i o n  of c a t a l y s t  concent ra t ion  
and process parameters pressure ,  reproducible  foam mate r i a l s  having a dens i ty  
range of 15 t o  25 l b s / f t 3  have been produced. The PD-200 (Mod) i s  f u r t h e r  
processed (post-cured and s l i t )  i n  t h e  same manner as t h e  s tandard PD-200 
foam. This r e s u l t s  i n  a foam system t h a t  can e f f e c t  a l a r g e  system weight 
saving over t h e  s tandard  PD-200. 

3.0 BASIC ELASTOMER CHARACTERISTICS 

3.1 PD-200 (Base) 

PD-200 (Base) has been cha rac t e r i zed  by GE-RESD f o r  u se  as an adhesive 
It has a lso been used ex tens ive ly  i n  the f o r  r e - e n t r y  v e h i c l e  app l i ca t ion .  

production of  GE Elastomeric  s h i e l d  g t e r i a l s  (ESM). 

It has e x c e l l e n t  low temperature ( N -180OF) f l e x u r a l  p rope r t i e s  and 
high thermal s t a b i l i t y .  The u l t ima te  s t r e n g t h  of PD-200 (Base) a s  a funct ion 
of temperature i s  shown i n  Figure 5. Tens i l e  and shear  moduli va lues  a s  a 
func t ion  of temperature are shown i n  Figure 6,  where i t  i s  seen t h a t  t he  
modulus i s  r e l a t i v e l y  cons tan t  over a temperature range from 0 t o  +400°F. 

Below -150°F, the  modulus increases  r a p i d l y  to  t h e  g l a s s  t r a n s i t i o n  
The thermal s t a b i l i t y  of t h e  cured temperature o f  approximately -180'F. 

e las tomer is  shown by the  thermogravimetric a n a l y s i s  curve of Figure 7 .  
It i s  seen t h a t  PD-00 (Ease) does not  begin t o  lo se  weight a t  a s i g n i f i c a n t  
r a t e  unti-1 around llOO°F, and i s  q u i t e  s t a b l e  a t  600 t o  650°F, t h e  maximum 
bondline temperature f o r  a t i t an ium s t r u c t u r e .  

z72% 
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The c o e f f i c i e n t  of thermal expansion of  PD-200 (Base) is  150 x 
In/in/OF from -1000F to  600°F. 
-lOO°F to 600°F, 

Its  s p e c i f i c  hea t  i s  0.4 BTU/lb°F from 
The thermal conduct iv i ty  i s  shown i n  Figure 8 .  

Long term s t a b i l i t y  of t h e  material a t  600'F has been demonstrated 
under t h e  SNAP-27* Program where g r e a t e r  than  200 p s i  tensile shea r  s t r e n g t h  
was exh ib i t ed  a t  655OF on specimens aged f o r  e i g h t  weeks a t  600°F. 

Cure i n  deep s e c t i o n s  has  been achieved by s t r i p  bonding, i .e,  by leaving 
gaps i n  t h e  bond f o r  a i r  e n t r y  and volati les removal. Removal of v o l a t i l e s ,  howev: 
has not been a problem i n  t h e  bonding of porous, low d e n s i t y  i n s u l a t i o n  materials. 

3.2 E'D-200 

PD-200 has been cha rac t e r i zed  by GE-RESD f o r  use as a s t r a i n  i s o l a t i o r .  
foam system f o r  space s h u t t l e  environment app l i ca t ion .  Its low temperature 
f l e x i b i l i t y  and high temperature s t a b i l i t y  a r e  s i m i l a r  t o  t h e  PD-200 (Ease). 
Typical  t e n s i l e  and shea r  p rope r t i e s  o f  PD-200 a s  a func t ion  of  temperature 
before  and a f t e r  cyc l ing  a r e  shown i n  Figures 9 and 10. 
shear  moduli values  a s  a func t ion  of temperature a r e  shown in  Figures  11 ar.d 
12. The low temperature modulus da ta  i s  shown i n  Figure 13. The thcrmal 
s t a b i l i t y  of  t h e  cured foam i s  ind ica t ed  by t h e  ttiermogravimetric (TGA) 
a n a l y s i s  curve of Figure 14. 

The t e n s i l e  and 

The s e c i f i c  heat  of PD-200 is  shown i n  Figure 15, t h e  thennal ' conduct iv i tv  
is 2 x 10-5 BTU/Ft-Sec-OF (Figure 16), and the  thermal expansion da ta  i s  
shown i n  Figure 17. Elevated temperature s t a b i l i t y  of t he  PD-200 foam has been 
demonstrated,  and i s  ind ica t ed  by the  da t a  presented i n  Table 11: As ind ica ted  
above, t h e  long term s t a b i l i t y  of t he  base m a t e r i a l  has been demonstrated i n  
t h e  SNAP-27 Program. 

In  c o n t r a s t  t o  PD-200 (Base) where cure  i n  deep s e c t i o n  r equ i r e s  the  
s t r i p  bonding approach, bonding o f  t h e  PD-200 foam has not  been a problem due 
t o  i t s  porous na tu re .  

3.3 PD-200 (Mod) 

PD-200 (Mod), a r ecen t  modi f ica t ion  of t h e  w e l l  cha rac t e r i zed  PD-200 foam 
system, i s  c u r r e n t l y  being ex tens ive ly  evaluated.  The PD-200 (Nod), i n  a 
d e n s i t y  range less than 20 l b / f t 3 ,  can o f f e r  cons iderable  advantagc i n  we igh t  
reduct ion  and i n  s t r a i n  i s o l a t i o n .  A s  can be seen i n  Figure 18, 1.0 inch of 
foam a t  28 PCF r e s u l t s  i n  a t i l e  th ickness  of 1 . 7  inch and a weight of 4.L l b / f ~ -  
(Curve A ) ,  while  use of a 15 PCF foam (Curve B) r e s u l t s  i n  a weight ci 3 . 9  l b i r - -  
a weight reduct ion  of  0.5 l b / f t 2 . .  

r'. 

Space Nuclear Auxi l ia ry  Power Unit 
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4.0 ADHESIVE APPLICATION TO R S I  SYSTMS 

During the  development o f  t h e  GE Reusable External Insulat ions (REI), 
it was necessary t o  bond samples to subs t r a t e s  (mostly aluminum) fo r  
evaluation against  t h e  Space Shut t le  Orbi ter  environments of i 

a) Moisture 

b) Re-entry thermal simulation a t  representat ive l o c a l  pressures 

c) Orbi ta l  cold soak exposure 

d) Airframe load s t r a i n  compatibi l i ty  

The specimen geometry consisted of a 4" x 8" x 1" R E X  panel bonded 
t o  an aluminum pla te .  
for gripping the panel. i n  a Universal Testing Machine. 
exposed t o  a thermal tes t  cycle,  and some specimens were a l s o  exposed t o  a 
-170°F cold soak pr ior  t o  the heat exposure. 
such t h a t  the  stress a t  the  center  of the  RES face was equivalent t o  the  
maximum t h a t  would occur on an i n f i n i t e  s i z e  end. Ea r l i e r  tests of t h i s  
nature u t i l i z e d  so l id  PD-200 (Base). These tests indicated tha t  the  bond 

& l l i t e  mater ia ls .  

Consequently, the  adhesive w a s  changed from a so l id  bond t o  a foam bond 
system u t i l i z i n g  PD-200 and PD-200 (Base). Subsequent t e s t ing  indicated t h e  
bond modulus t o  be acceptable for REI Nul l i t e  a s  a r e su l t  of the s t r a i n  
i so l a t ion  propert ies  of t he  PD-200. 

Four inches of exposed aluminum on each end served 
Each specimen was 

Design of t he  specimens was 

modulus (shear s t i f f r ress)  of the s o l i d  adhesive was unacceptable f o r  REI I 

The PD-200 foam bond system was applied i n  two stages.  The foam 
sheet was f i r s t  bonded t o  the REI panel with PD-200 (Base), cured, then 
bonded t o  the precleaned, primed s t ruc ture .  Such an assembly has successful ly  
survived exposure t o  a -250°F thermal cycle environment. 

t 



6.0 SUMMARY AM) CONCLUSIONS 

The room temperature vulcanizing s i l i c o n e  elastomers meet a l l  t h e  
requirements f o r  t he  attachment of reusable e x t e r n a l  i n s u l a t i o n  to  the  
space s h u t t l e  veh ic l e .  Of these  f l e x i b l e  s i l i c o n e s ,  PD-200 (Base), 
e s p e c i a l l y  when used i n  a reduced dens i ty  configuratio?,  such as YD-200 
o r  PD-200 (Mod), could f u l f i l l  a l l  t h e  requirements. 
based on PD-200 a r e  usable  up t o  approximately 65OoF. Reduction of t h e  
dens i ty  by chemical foaming provides a reduced weight and a lower modulus 
s t r a i n  i s o l a t i o n  bond system o f fe r ing  considerable advantage for t he  s h u t t l e  
r eusab le  su r face  i n s u l a t i o n  TPS. 

The adhesive systems 
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FIGURE 5 
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ULTIMATE STRENGTH OF PD-200 (BASE) 
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FIGURE 6 

r-- " 

ELASTIC MODULI OF PD-200 (BASE) 
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FIGURE 7 
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FIGURE 8 

THERMAL CONDUCTIVITY OF PD-200 (BASE) 
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FIG,  13 

LOW TEMPERATURE MODULUS 
OF PD20O 
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F I G . 1 8  

EFFECT OF ~~~~~~~~ PD %OO-F28 THICKNESS 
AREA 2-PEBTURBED 
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TABLE 11 

T e s t  
Number 

1 

2 

3 

4 

5 

--.. 
X 

I 
! S.D. 

F a i l u r e  
Mode 

t. , 

ROOM TEMPERATURE LAP SHEAR STRENGTH OF PD-200 ADHESIVE 

AFTER 16 HOUR THERMAL SOAK EXPOSURES 

75 

9 4 . 5  

8 3 . 3  

8 2 . 6  

8 4 . 2  

8 3 . 2  

85 .6  

5 . 0  

A l l  
Cohes ive  

Specimens : 

E x p o s u r e  Temperature  , OF 

450 550 

67.1 49 .3  
-- 

5 8 . 6  4 6 . 3  

70 .0  5 2 . 5  

6 3 . 5  56 .4  

62.2 4 1 . 8  

. 6 4 . 3  

4 . 4  

4 9 . 3  

5 . 6  

A l l  A l l  
Co h e  s ive Cohesivc. 

1.0 x 1.0 i n c h  l a p  j o i n t  
.063 aluminum ad!icrent s 
.090 i n c h  t h i c k  PD-200 

625 

33.7 

31.3 

31.8 

3 2 . 0  

32.6 

32 .3  

0 . 9  

A l l  
Co hc s i v e  

RTV 560 bond N .005 i n c h  t h i c k  (both s i d e s )  

- 2 7  - 

c 




