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SUMMARY 

The aluminum s k i n  of t h e  Space S h u t t l e  is covered by a Thermal P r o t e c t i o n  

System (TPS) c o n s i s t i n g  of a low d e n s i t y  ceramic t i l e  bonded t o  a mat ted- fe l t  

m a t e r i a l  c a l l e d  SIP ( S t r a i n  I s o l a t i o n  Pad). The s t r u c t u r a l  c h a r a c t e r i s t i c s  

of t h e  TPS were s tud ied  exper imental ly  under s e l e c t e d  extreme load cond i t ions .  

Three b a s i c  types of loads  were imposed: t ens ion ,  e c c e n t r i c a l l y  app l ied  

t ens ion ,  and combined in-plane f o r c e  and t r a n s v e r s e  p ressure .  For some tests 

t ransverse  p ressure  was app l ied  r a p i d l y  t o  s i m u l a t e  a t r a n s i e n t  shock wave 

passing over t h e  t i l e .  The f a i l u r e  mode f e r  a l l  specimens involved s e p a r a t i o n  

of the  t i l e  from t h e  SIP a t  t h e  s i l i c o n e  rubber bond i n t e r f a c e .  An eccentr ica l -  

l y  appl ied t ens ion  load caused t h e  t i l e  t o  s e p a r a t e  from t h e  SIP a t  loads  

lower than experienced a t  f a i l u r e  f o r  pure t ens ion  loading.  Moderate in-plane 

a s  wel l  a s  shock loading d id  no t  cause a measurable reduc t ion  i n  t h e  TPS 

u l t i m a t e  f a i l u r e  s t r e n g t h .  A s t r o n g  coupling,  however, was exh ib i t ed  between 

in-plane and t r a n s v e r s e  loads  and displacements.  

INTRODUCTION 

The Space S h u t t l e  is pro tec ted  a g a i n s t  high temperature  r e s u l t i n g  from 

aerodynamic hea t ing  by a s u r f a c e  covering of s e v e r a l  thousand low d e n s i t y  

Reusable S u r f a s  I n s u l a t i o n  t i l e s  (RSI). These t i l e s  a r e  r e l a t i v e l y  b r i t t l e  

wi th  a low c o e f f i c i e n t  of thermal expansion and cannot  be a t t ached  d i r e c t l y  

t o  the aluminum s k i n  of the  Space S h u t t l e .  The t i l e  i n s t e a d  a r e  bonded us ing  

s i l i c o n  rubber t~ a mat ted-fe l t  m a t e r i a l  c a l l e d  SIP ( S t r a i n  I s o l a t i o n  Pad). 

The SIP is bonded t c  t h e  aluminum s k i n ,  a l s o  us ing  s i l i c o n  rubber adhesive.  



The s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h i s  RSZ t i l e / S I P  thermal p r o t e c t i v e  system 

w r e  s t u d i e d  i n  a s e r i e s  of experiments which a r e  r e p o r t e d  upon h e r e i n .  

The purposes of  t h e s e  experiments were (1) t o  determine t h e  s t r u c t u r a l  

performance of  t h e  Thennal P r o t e c t i v e  System (TPS) under s e l e c t e d  extreme 

load cond i t ions  and (2)  t o  provide  test d a t a  f o r  l a t e r  use  i n  a n a l y s i s  v a l i d a -  

t i o n .  Three b a s i c  types  of experiments were conducted: (1) t e n s i o n  tests, 

(2) t ens ion  loads  e c c e n t r i c a l l y  a p p l i e d ,  and (3) combined in-plane load and 

t r a n s v e r s e  pressure .  I n  some combined load  tests, t r a n s v e r s e  p r e s s u r e  was 

r a p i d l y  app l i ed  t o  s imula te  a t r a n s i e n t  shock wave pass ing  over  t h e  t i l e .  

P r i o r  t o  conducting experiments,  a l l  specimens were requ i red  t o  pass  a proof 

t e s t  tension/compression load c y c l e  involving a c o u s t i c  emiss ion acceptance  

c r i t e r i a  i d e n t i c a l  t o  t h a t  used f o r  accep t ing  t i l e  on t h e  Space S h u t t l e .  

'This paper d e s c r i b e s  t h e  test techniques  and t h e  s t r u c t u r a l  response  of  t h e  

TPS t o  t h e  va r ious  test cond i t ions .  

SPECIMEN DESCRIPTION 

Specimens used i n  t h i s  i n v e s t i g a t i o n  v e r e  cons t ruc ted  us ing  L I  900 t i l e  

s u r f a c e  t r e a t e d  wi th  b o r o - s i l i c a t e  and 0.41 cm (0.16-in.) t h i c k  SIP i n  

accordance wi th  accepted f a b r i c a t i o n  methods approved f o r  Spzce S h u t t l e .  

RTV 560 s i l i c o n e  rubber  was used t o  bond t h e  t i l e  t o  t h e  SIP and t h e  SIP t o  a 

t h i c k  aluminum p l a t e .  A l l  t i l e s  were r e c t a n g u l a r  p a r a l l e l e p i p e d s ,  15.2 cm 

(6 in . )  square ,  3.56 cm (1.4 i n . )  t h i c k ,  and had a d e n s i t y  of  144 kg/m3 

(9 l b I f t 3 ) .  The SIP bonded s u r f a c e  dimensions were 12.7 cm (5-in.) by 12.7  cm 

5 - n . ) .  A 0.95 cm (0.38 i n . )  wide f i l l e r  b a r  m a t e r i a l  of composit ion s i m i l a r  

t o  t h e  SIP was bonded t o  t h e  aluminum p l a t e  around t h e  per imeter  of t h e  SIP.  

P r i o r  t o  bonding, t h e  aluminum p l a t e  was primed wi th  Koropon. 

A specimen i n  s e q u e n t i a l  s t a g e s  of f a b r i c a t i o n  is shown i n  f i g u r e  1. I n  

s e p a r a t e  opera t ions ,  t h e  f i l l e r  b a r  was bonded t o  t h e  aluminum p l a t e  and t h e  

SIP t o  t h e  t i l e .  Next, t h e  t i l e / S I P  assembly was bonded t o  t h e  aluminum p l a t e .  

Tuo types  of 2024 aluminum p l a t e s  were used i n  t h e  i n v e s t i g a t i o n :  t e n s i o n  

specimen p l a t e s  ( i l l u s t r a t e d  i n  f i g .  1 )  and combined load specimen p l a t e s .  

The bonding s u r f a c e  of  aluminum p l a t e s  were machined t o  a measured f l a t n e s s  of 

t0.0254 m (k0.001 inch)  f o r  t ens ion  specimell p l a t e s  and t0.0508 mm (t0.002 in.) 



fo r  combined load specimen p l a t e s .  The t i l e  was prepared f o r  bonding by g r ind ing  

the  su r face  t o  a f l a t n e s s  of - +.0254 mm (+0.001 - inch) .  Tension specimens success- 

f u l l y  pass ing t h e  proof t e s t  were prepared f o r  t e s t i n g  by bonding a t h i c k  

aluminum load in t roduc t ion  p l a t e  t o  t h e  coated s u r f a c e  of t h e  t i l e .  

The modulus of t h e  t i l e  is approximately t h r e e  o r d e r s  of magnitude h i g h e r  

than t h e  modulus of t h e  SIP. The deformation response t o  load ing ,  t h e r e f o r e ,  

occurs p r imar i ly  i n  t h e  SIP. I n  a d d i t i o n ,  t h e  SIP s t r e s s - s t r a i n  response is 

highly  non l inear  and e x h i b i t s  h y s t e r e t i c  behavior.  

TEST DESCRIPTION 

Three types  of loading were imposed on specimens i n  t h i s  i n v e s t i g a t i o n :  

t ens ion ,  e c c e n t r i c a l l y  app l ied  t ens ion ,  and combined in-plane f o r c e  and t rans -  

ve rse  pressure .  Schematic d e s c r i p t i o n s  of t h e s e  t e s t s  a r e  shown i n  f i g u r e  2. 

Descr ipt ions  of t h e  t e s t  techniques ,  a s  w e l l  a s  d e t a i l s  of t h e  proof test 

used t o  accept  o r  r e j e c t  specimens, a r e  desc r ibed  below. 

Proof Test  

A proof t e s t  was conducted on each specimen p r i o r  t o  i t s  acceptance f o r  

s t r u c t u r a l  t e s t i n g  i n  accordance wi th  techniques  approved f o r  t e s t i n g  TPS on 

t h e  Space S h u t t l e .  The t e s t  involved applying t r a n s v e r s e  t ens ion  loads  t o  t h e  

TPS s u f f i c i e n t  t o  impose an average s t r e s s  on t h e  SIP of 41.4 kPa (6 p s i ) .  

The t ens ion  load was followed. by unloading and t h e  immediate a p p l i c a t i o n  of 

compression loading.  The compression load removes t h e  displacement s e t  caused 

by t h e  t ens ion  load.  Tension loading was a t  t h e  r a t e  of 13.8 kPa/minute 

(2 ps i lmin)  s t r e s s  on t h e  SIP. ,The t ens ion  load  was he ld  f o r  30 seconds a t  t h e  

20.7 (3 p s i ) ,  27.6 (4 p s i ) ,  and 34.5 (5 p s i )  s t r e s s  l e v e l s  and f o r  60 seconds 

a t  t h e  41.4 kPa (6 p s i )  s t r e s s  l e v e l .  Acoustic e n i s s i o n  d a t a  was monitored 

and recorded dur ing t ens ion  loading.  

TPS specimens were accepted f o r  s t r u c t u r a l  t e s t i n g  i f  t h e  a c o u s t i c  counts  

during t h e  proof test d i d  n o t  exceed any of t h e  fol lowing condi t ions .  

1. 250 counts dur ing :he f i r s t  30 seconds of t h e  60-second proof 

hold load.  

2 .  100 counts dur ing t h e  second 30 seconds of t h e  60-second proof 

hold load and s h a l l  be l e s s  than counts  dur ing  f i r s t  30 seconds 
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when counts exceed 50 f o r  e i t h e r  t h e  f i r s t  o r  second 30-second 

hold .  

3. 2000 counts  from s t a r t  of test a t  ze ro  load  t o  t h e  midpoint  of 

proof load hold  i n t e r v a l .  I f  2 0 ~ 0  coun t s  a r e  exceeded then r e t e s t  

is  permit ted .  To ta l  counts  of f i r s t  t e s t  l e s s  t o t a l  counts  of 

second test must then be equa l  t o  o r  l e s s  than 2000. 

?allowing t h e  proof t e s t  each t i l e  was a l c o h o l  wiped and examined t o  i d e n t i f y  

any c racks  i n  t h e  t i l e  coa t ing .  Specimens f a i l i n g  t h e  proof test were sub- 

sequent ly  loaded t o  f a i l u r e  i n  t h e  proof t e s t  f i x t u r e .  

A photograph of t h e  equipment used i n  t h e  proof test is shown i n  f i g u r e  3 

and a c loseup  - ~ i e w  of a t i l e  specimen and t h e  a s s o c i a t e d  i n s t r u m e n t a t i o n  is 

shown i n  f i g u r z  4. A pneumatic j ack  w a s  used t o  apply  load and a n  au tomat ic  

p ressure  r e g u l a t o r  system imposed t h e  preprogrammed load/ t ime p r o f i l e .  

Acoustic emission t r ansducers  were l o c a t e d  a t  t h e  f o u r  co rners  and d i s p l a c e -  

ment gages were l o c a t e d  a t  t h e  midpoint  of t h e  f o u r  s i d e s  of  t h e  t i le .  A 

load c e l l  measured t h e  f o r c e  a p p l i e d  t o  t h e  t i l e .  Acoustic emission d a t a  and 

load were monitored i n  r e a l  t ime dur ing  t h e  t e s t .  Load, displacement and 

a c o u s t i c  emission d a t a  were recorded on magnetic t a p e  f o r  l a t e r  d a t a  r educ t ion .  

Tension T e s t s  

Constant Displacement Rate.- Three specimens were loaded t o  f a i l u r e  i n  

t r a n s v e r s e  t ens ion  i n  a cons tan t  displacement r a t e  t e s t  machine. A d i s p l a c e -  

meat r a t s  of 0.13 cmlmin (0.05 inchlmin) was used. The S IP  displacement 

response t o  loading was measured a t  t h e  midpoint  of t h e  f o u r  s i d e s  of t h e  t i l e .  

A schematic of t h e  t e s t  s e t u p  is presented i n  f i g u r e  5. 

P ressure  Applied Tension.- One specimen was loaded t o  f a i l u r e  i n  t r a n s -  

v e r s e  t ens ion  by imposing reduced p r e s s u r e  on t h e  t o p  s u r f a c e  of  t h e  t i l e .  

The experimental  se tup  is shown i n  f i g u r e  6. A narrow mylar bellows suspended 

from a p l e x i g l a s s  p l a t e  and sea led  t o  t h e  t i l e  wi th  masking t a p e  pe rmi t t ed  

uns t ra ined  t r a n s v e r s e  displacement of t h e  t i l e .  The t r a n s v e r s e  d isplacements  

of t h e  t i l e  a t  t h e  midpoint of the  f o u r  s i d e s  of t h e  t i l e  and t h e  p r e s s u r e  

i n s i d e  t h e  bellows were recorded dur ing  t h e  t e s t .  



E c c e n t r i c a l l y  Applied Tension 

Three specimens were loaded t o  f a i l u r e  by an e c c e n t r i c a l l y  a p p l i e d  t e n s i o n  

load.  The experimental  s e t u p  is shown i n  f i g u r e  7.  Loads were a p p l i e d  a t  a 

constant  displacement r a t e  of 0.13 cmlmin (0.05 inchlmin). The aluminum plate 

to  which t h e  top s u r f a c e  of t h e  t i l e  was bonded w a s  r i g i d l y  cons t ra ined  

a g a i n s t  r o t a t i o n .  Loads were in t roduced i n t o  t h e  aluminum p l a t e  t o  which t h e  

SIP was bonded through a  s p h e r i c a l  bear ing.  This arrangement permit ted  t he  

l i n e  of r e a c t i o n  t o  remain unchanged dur ing t h e  process  of load ing  y e t  d i d  n o t  

cons t ra in  t h e  r o t a t i o n  of t h e  t i l e  and aluminum p l a t e  caused by t h e  e c c e n t r i c  

loading.  

Combined In-Plane Force and Transverse Pressure  

Three t e s t s  were conducted i n  which in-plane l o a d s  and combinations of 

in-plane and t r a n s v e r s e  loads  were imposed on t h e  t i l e .  The appara tus  f o r  

conducting t h e s e  t e s t s  i s  shown i n  t h e  photograph of f i g u r e  8 and schemat ica l ly  

i n  f i g u r e  9. The foundation of t h e  appara tus  is t h e  same a s  used i n  p ressure  

appl ied t r a n s v e r s e  t ens ion  t e s t s  w i t h  t h e  added c a p a b i l i t y  o f  in-plane loading.  

A s  shown i n  f i g u r e  9 ,  in-plane loads  were app l ied  a long t h e  t i l e  diagonal .  

The aluminum p l a t e  t o  which t h e  SIP was a t t ached  was mounted on r o l l e r  bear ings  

while t h e  t i l e  was r i g i d l y  const ra ined a g a i n s t  in-plane displacemetit by a yoke 

arrangement which bu t ted  up a g a i n s t  two s i d e s  of t h e  t i l e  ( see  f i g .  10) .  The 

yoke r e a c t i o n  attachment was mounted on r o l l e r  bear ings  i n  a  s l i d e  c o n s t r a i n t  

permit t ing t h e  r e a c t i o n  f r e e  t r a n s v e r s e  t r a n s l a t i o n  of t h e  yoke i n  response t o  

any t r a n s v e r s e  displacement of t h e  t i l e .  The f l e x i b l e  bellows permit ted 

nega t ive  p ressure  loads  t o  be imposed on e i t h e r  a l l  o r  p a r t  of t h e  t i l e  top  

sur face .  The f l e x i b l e  bellows th ickness  ( i . e . ,  dimension between t h e  p l e x i g l a s s  

p l a t e  and t h e  top  s u r f a c e  of t h e  t i l e )  w a s  i n i t i a l l y  0.96 cm (0.38 i n . ) .  This 

dimension permit ted  unres t ra ined  t r a n s v e r s e  displacement c a p a b i l i t y  of t h e  

t i l e  while minimizing in-plane r e a c t i o n  f o r c e s  on t h e  t i l e  dur ing  t e s t s  

involving p ressure  appl ied t o  only  a  por t ion  of t h e  t i l e  top  s u r f a c e .  

In-plane loads  were app l ied  a t  t h e  r a t e  of 67 Nlmin (15 lbs lmin)  and 

p ressure  was appl ied a t  t h e  r a t e  of 28 kPa1min (4 ps i lmin) .  For t e s t s  i n  
which t h e  p ressure  was app l ied  r a p i d l y  t o  s imula te  a  shock, a p r e s s u r i z a t i o n  



r a t e  of approximately 207 kPa/sec (30 p s i / s e c )  was achieved.  The technique 

f o r  applying p ressure  shock involved pumping down a l a r g e  p r e s s u r e  b o t t l e  t o  

t h e  d e s i r e d  p ressure  and r e l e a s i n g  a so leno id  va lue  t o  r a p i d l y  reduce t h e  

p ressure  i n  t h e  d e s i r e d  chamber. Measurements ob ta ined  dur ing  t e s t s  included 

t h e  in-plane and t r a n s v e r s e  displacement of t h e  t i le ,  in-plane f o r c e  and t h e  

p ressure  i n  chambers P2 and P3. A high speed o s c i l l o s c o p e  was used t o  o b t a i n  

t h e  shock p r e s s u r e  ve rsus  t i m e  h i s t o r y .  Data were monitored i n  real t ime and 

recorded on magnetic t ape  f o r  l a t e r  d a t a  reduct ion.  

RESULTS ANii DISCUSSION 

Proof T e s t s  

Resu l t s  of t h e  proof t e s t  a r e  summarized i n  Table I. A t o t a l  of 26 speci-  

mens were subjected t o  proof t e s t i n g  of which 19 passed t h e  a c o u s t i c  emission 

c r i t e r i a  and 7 f a i l e d .  Specimens f a i l i n g  t h e  test were loaded t o  f a i l u r e  i n  

t ens ion  us ing t h e  proof test f i x t u r e .  Ul t imate  SIP stress 3t f a i l u r e  ranged 

from 66 kPa (9.6 p s i )  t o  8 3  kPa (12.1 p s i )  . A l l  f a i l u r e s  were a t  t h e  bond 

s u r f a c e  between t h e  SIP and t h e  t i l e .  

A t y p i c a l  p l o t  f o r  t h e  SIP stress as a func t ion  of t h e  t i l e  displacement 

f o r  a specimen pass ing t h e  proof t e s t  is presented i n  f i g u r e  11. The c reep  

behavior of t h e  SIP is evident  a t  t h e  28, 34, and 4 1  kPa (4 ,  5, and 6 p s i )  

s t r e s s  30- and 60-second hold  l e v e l s .  The magnitude of t h e  compression 
2 s t r e s s  is c a l c u l a t e d  based on a 161 cm2 (25 i n  ) a r e a  d i s regard ing  t h e  s t i f f n e s s  

c o n t r i b u t i o n  of t h e  f i l l e r  bar .  The SIP stress versus  displacement response 

f o r  o t h e r  specimens devia ted very l i t t l e  from t h e  graph of f i g u r e  11. 

The SIP stress versus  displacement graph f o r  a specimen which f a i l e d  t h e  

proof t e s t  ( acous t i c  emission c r i t e r i a  3) i s  presented i n  f i g u r e  12. The 

i n i t i a l  loading c*lrve is  almost i d e n t i c a l  t o  t h a t  presented i n  f i g u r e  11 f o r  

specimens pass ing t h e  proof t e s t .  Also presented is t h e  graph of t h e  second 

load c y c l e  (permit ted  under c r i t e r i a  3) and f i n a l l y  t h e  response f o r  t h e  

specimen on t h e  f i n a l  load c y c l e  t o  f a i l u r e .  The displacement o r i g i n  f o r  

t h e s e  p l o t s  ignores  any permanent set caused by previous loadings .  A 

photograph of t h e  f a i l u r e  s u r f a c e  f o r  t h i s  specimen is shown i n  f i g u r e  13.  



The f a i l u r e  was i n  t h e  S I P I t i l e  band and looks  s i m i l a r  t o  t h e  f a i l u r e  

s u r f a c e  of specimens which passed t h e  proof t e s t s  and f a i l e d  dur ing  o t h e r  

t e s t i n g .  

Tension T e s t s  

The SIP f a i l u r e  s t r e s s e s  f o r  t h e  t h r e e  specimens loaded i n  t r a n s v e r s e  

t ens ion  a t  a constant  displacement r a t e  were 63, 73, and 79 kPa (9.2, 10.6 and 

11.4 p s i ) ,  s e e  Table 11. The SIP s t r e s s  ve rsus  t i l e  displacement response fo r  

these  t h r e e  specimens w a s  s i m i l a r  a s  seen i n  f i g u r e  14. The f a i l u r e  f o r  t h e s e  

specimens was i n  t h e  bond between t h e  t i l e  and t h e  SIP as shown f o r  one of the 

specimens i n  f i g u r e  15. Small p a r t i c l e s  of t h e  t i l e  became detached and were 

d i s t r i b u t e d  a c r o s s  t h e  s i l i c o n e  rubber s u r f a c e .  

The t i l e  loaded i n  t ens ion  by p ressure  f a i l e d  a t  a SIP stress of 81 kPa 

(11.8 p s i ) .  This specimen had been previously  loaded t o  a SIP t ens ion  s t r e s s  

of 30 kPa (4 p s i ) .  The SIP s t r e s s  ve rsus  t i le  displacement curves  f o r  t h e s e  

two load cycles  a r e  presented i n  f i g u r e  16. A permanent s e t  of approximately 

0.05 cm (0.02 i n . )  r e s u l t e d  from t h e  30 kPa (4 p s i )  t e n s i o n  load  cyc le .  

E c c e n t r i c a l l y  Applied Tension 

The displacement response f o r  t h r e e  specimens loaded i n  t e n s i o n  wi th  a 

3.18 cm (1.25 i n . )  e c c e n t r i c i t y  as a func t ion  of t h e  app l ied  f o r c e  is  pre- 

sented i n  f i g u r e  17. The f a i l u r e  load  f o r  t h e  t h r e e  specimens was 519, 586, 

and 694 N (117, 132, and 156 l b ) .  The h ighes t  u l t i m a t e  load va iue  from 

the  e c c e n t r i c a l l y  app l ied  t ens ion  t e s t s  i s  32 percent  lower than t h e  lowest  

u l t i m a t e  s t r s n g t h  measured i n  pure t ens ion  t e s t s .  The displacement response 

f o r  t h e  t h r e e  specimens is h igh ly  repea tab le .  The maximum displacement was 

recorded by displacement gage 4 and reached a magnitude of around 0.38 cm 

(0.15 i n . ) .  The oppos i t e  s i d e  of t h e  t i l e  (displacement gage 3) recorded 

nega t ive  displacements dur ing t h e  e n t i r e  load h i s t o r y .  

The l a r g e  r o t a t i o n  of t h e  p l a t e  t o  which t h e  SIP is a t t ached  causes  t h e  

f a i l u r e  t o  i n i t i a t e  i n  t h e  region of maximum t e n s i l e  stress ( i . e . ,  i n  t h e  

v i c i n i t y  of gage 4 ) .  A photograph showing t h e  r o t a t i o n  of t h e  p l a t e  and disbond 

f a i l u r e  of t h e  SIP t o  t i l e  i n  t h i s  region i s  presented i n  f i g u r e  18 and a 



photograph of t h e  SIP f a i l u r e  s u r f a c e  is presented i n  f i g u r e  19. No 

d i s t i n g u i s h i n g  f e a t u r e s  were de tec ted  i n  t h e  f a i l u r e  s u r f a c e  and t h e  appearance 

w a s  s i m i l a r  t o  t h a t  f o r  pure tension t e s t s .  

Combined In-Plane Force and Transverse  Tension 

In-Plane Load P lus  Negative Pressure  Applied t o  T i l e  Top Surface.-  One - --- 
specimcu was sub jec ted  t o  combinations of in-plane load  and nega t ive  p r e s s u r e  

slowly app l ied  t o  t h e  e n t i r e  top  s u r f a c e  of t h e  t i l e .  The h i s t o r y  of load ing  

and th.? corresponding displacement response of t h e  specimen is summarized 

i n  Table 111. The sequence of load ing  f o r  each load  c y c l e  involved applying 

an in-plane load a t  one corner  of t h e  specimen of approximately 133 N 

(30 l b s )  followed by s lowly reducing t h e  p ressure  i n  t h e  chamber enc los ing  t h e  

top  of t h e  t i l e .  Each load c y c l e  was begun at  ze ro  load  wi th  a new r e f e r e n c e  

d a t a  zero.  The displacement d a t a ,  t h e r e f o r e ,  d e s c r i b e s  t h e  response of t h e  

specimen f o r  a p a r t i c u l a r  load  c y c l e ,  ignor ing  any permanent displacement s e t  

caused by previous loadings .  The permanent s e t  a t  t h e  end of each load c y c l e ,  

however, i s  recorded i n  Table 111. 

On t h e  f i r s t  load cyc le ,  an in-plane displacement of 0.274 cm (0.108 i n . )  

r e s u l t e d  corresponding t o  an in-plane load of 137 N (30.8 l b ) .  The in-plane 

load imposes a moment on t h e  t i l e  and causes i t  t o  r o t a t e  a s  evidenced by 

t h e  upward movement of 0.010 cm (0.004 i n . )  of t h e  l e f t  s i d e  of t h e  t i l e  and 

downward movement of 0.081 cm (0.032 i n . )  f o r  t h e  r i g h t  s i d e .  A s  d iscussed 

e a r l i e r ,  v e r t i c a l  displacements were recorded by displacement gages a t  t h e  

midpoint of t h e  t i l e  s i d e s .  The s ~ ~ p e r p o s i t i o n  of t h e  n e g a t i v e  p ressure  

loading ( t r a n s v e r s e  t ens ion)  t o  t h e  in-plane load causes  t h e  t i l e  t o  d i s p l a c e  

upward and a l s o  causes a s i g n i f i c a n t  r educ t ion  i n  t h e  in-plane displacement.  

A s t r o n g  coupling between in-plane and t r a n s v e r s e  loads  and displacements was 

observed f o r  a l l  t e s t s  involving combined loads .  It is specu la ted  t h a t  t h e  

t r a n s v e r s e  f i b e r s  of t h e  SIP a l i g n  t o  r e a c t  t h e  s h e a r  and t r a n s v e r s e  t e n s i o n  

loads a t  an a n g l e  o t h e r  than normal and perform l i k e  a s t r i n g  t r u s s .  

The displacement response of t h e  t i l e  t o  t h e  pure in-plane loads  ( load 

cyc les  1 through 5, Table 111) is presented i n  f i g u r e  20. The specimen f a i l e d  

dur ing load c y c l e  5 a t  an average t e n s i l e  s t r e s s  i n  t h e  SIP of 112.4 kPa 

(16.3 p s i )  while simultaneously loaded in-plane wi th  162 N (36.5 l b ) .  The 

8 



displacement response f o r  t h i s  load c y c l e  is presented i n  f i g u r e  21. The 

displacement o f f s e t  a t  zero  load is caused by t h e  in-plane load.  Photographs 

of t h e  SIP and t i l e  f a i l u r e  s u r f a c e s  a r e  presented i n  f i g u r e  22. No 

d i s t i n g u i s h i n g  appearances were observed compared wi th  f a i l u r e  s u r f a c e s  

observed f o r  o t h e r  specimens. 

In-Plane Load P lus  Negative Pressure  Shock Applied t o  t h e  T i l e  TOE 

Surface.-  One specimen was sub jec ted  t o  combinations of in-plane load and 

t r a n s v e r s e  t ens ion  app l ied  a s  a n e g a t i v e  p r e s s u r e  shock t o  t h e  top  s u r f a c e  

of t h e  t i l e .  The sequence of loads  imposed on t h e  specimen and t h e  correspond- 

i n g  displacement response is summarized i n  Table I V .  For each load  c y c l e ,  

an in-plane load was f i r s t  imposed followed by a t r a n s v e r s e  t e n s i o n  p r e s s u r e  

shock load and subsequent unloading. The specimen c a r r i e d  t h e  loads  wi thout  

f a i l u r e  f o r  a l l  t e s t  condi t ions .  A s  f o r  t h e  combined load specimen desc r ibed  

above, a d a t a  zero  re fe rence  was used t o  start each load cyc le .  

A t y p i c a l  p l o t  of p ressure  ve rsus  t ime f o r  t h e  14 kPa (2 p s i )  shock is 

presented i n  f i g u r e  23. The p r e s s u r i z a t i o n  r a t e  f o r  t h e  f i r s t  7 kPa ( 1  p s i )  

reduct ion i n  p ressure  was approximately 180 kPa/sec (26 p s i / s e c ) .  The 

displacement response of t h e  t i l e  t o  pure  in-plane loads  ( load c y c l e s  1, 2, 

and 3; Table IV) is presented i n  f i g u r e  24. In-plane displacements cause  a 

clockwise rota i . ion and nega t ive  displacement of t h e  t i l e .  An in-plane d i s -  

placement of approximately 0.20 cm (0.08 i n . )  r e s u l t e d  from a 133 N (30 l b )  

in-plane load.  

In-Plane Load Plus  Negative Pressure  Shock Applied t o  a P o r t i o n  of t h e  

T i l e  Top Surface.-  One specimen was sub jec ted  t o  combinations of in-plane 

load and t r a n s v e r s e  t ens ion  app l ied  as a nega t ive  p ressure  shock t o  a p o r t i o n  

of t h e  t i l e  top  sur face .  The h i s t o r y  of loading and t h e  corresponding d i s -  

placement response of t h e  t i l e  a r e  summarized i n  Table V. As above, each 

load cyc le  was begun a t  zero load wi th  a new re fe rence  d a t a  zero .  The 

permanent set a t  t h e  end of each load c y c l e  i s  recorded i n  Table 111. 

The negat ive  p ressure  P3 was app l ied  t o  an a r e a  def ined i n  the  

following ske tch .  



15.2 cm 
( 6  i n . )  

P2 = atmospheric a r e a  2 2 166 cm (25.8in.) 

The nega t ive  p r e s s u r e  was r a p i d l y  imposed t o  s i m u l a t e  a t r a n s i e n t  aerodynamic 

p ressure  shock. P l o t s  of p r e s s u r e  v e r s u s  t ime f o r  10  kPa (1.5 p s i )  and 17 kPa 

(2.5 p s i )  shock cond i t ions  a r e  shown i n  f i g u r e  23. The p r e s s u r e  ve r sus  t ime 

t r a c e  was r e p e a t a b l e  wi th  minor v a r i a t i o n s .  The p r e s s u r i z a t i o n  r a t e  f o r  t h e  

f i r s t  7 kPa ( 1  p s i )  r educ t ion  i n  p r e s s u r e  was approximately 145 kPa/sec 

(21 p s i / s e c )  f o r  t h e  1 0  kPa (1.5 p s i )  shock and 255 kPa/sec (37 p s i / s e c )  f o r  

t h e  1 6  kPc (2.5 p s i )  shock. 

The displacement response of t h e  ;pecimen t o  a pure in-plane load ( load 

cyc le  9) i s  p l o t t e d  i n  f i g u r e  25. The response  is s i m i l a r  t o  t h a t  recorded 

i n  f i g u r e  24 f o r  a specimen sub jec ted  t o  a d i f f e r e n t  previous  load h i s t o r y .  

Following t h e  load h i s t o r y  de f ined  i n  Table V, t h e  specimen was loaded t o  

f a i l u r e  us ing  t h e  proof t e s t  f i x t u r e .  The t i l e  displacement response  p l o t t e d  

a s  a func t ion  of t h e  average SIP s t r e s s  is presented i n  f i g u r e  26. The c reep  

response shown i n  t h e  graph was caused by ho ld ing  t h e  load f o r  30 s e c  a t  

7 kPa (1  p s i )  s t r e s s  increments beginning a t  28 kPa (4 p s i ) .  The s t r e s s  i n  

t h e  SIP a t  f a i l u r e  was 82 kPa (11.9 p s i ) .  

CONCLUDING REMARKS 

A l i in i t ed  number of p r e c i s e l y  executed t e s t s  on an LI 900 t i le /O. lC SIP 

thermal p r o t e c t i o n  system e s t a b l i s h  t h e  fo l lowing s t r u c t u r a l  c h a r a c t e r i s t i c  

t r ends .  

1. Nineteen of 26 specimens t e s t e d  (73 pe rcen t )  passed t h e  proof 

t e s t  a c c u s t i c  emission c r i t e r i a .  

2 .  Specimens f a i l i n g  a c o u s t i c  emiss ion proof t e s t  c r i t e r i a  e x h i b i t e d  

u l t i m a t e  t e n s i l e  s t r e n g t h  va lues  on t h e  same o r d e r  as specimens 
' 

which passed t h e  proof t e s t  c r i t e r i a .  



The f a i l u r e  sur face  f o r  a l l  specimens t e s t ed  i n  t h i s  i nves t i ga t ion  

was i n  the bond between t h e  SIP and t h e  t i l e .  Examination showed 

small p a r t i c l e s  of t he  t i l e  became dislodged from the  t i l e  and 

remained at tached t o  t he  s i l i c o n e  rubber bonding mater ia l .  

The u l t imate  t e n s i l e  s t r eng th  f o r  four  test specimens ranged from 

63 kPa (9.2 p s i )  t o  8. kPa (11.8 p s i ) .  For specimens with t i l e  

3.6 cm (1.4-in.) th ick ,  no s i g n i f i c a n t  d i f fe rence  i n  t e s t  r e s u l t s  

was observed whether loads were appl ied through a t h i ck  aluminum 

p l a t e  bond t o  t he  t i l e  coated sur face  o r  applied a s  a negat ive 

pressure t o  t h i s  surface.  

An eccen t r i ca l l y  appl ied tens ion  load caused the  t i l e  t o  s epa ra t e  

from the  SIP i n  t h e  region of combined s t r e s s  ( tension plus 

bending) a t  loads lower than recorded a t  f a i l u r e  f o r  pure tension 

loading. The displacement response of t he  t i l e  corresponding t o  

a 3.18 cm (1.25-a.)  e c c e n t r i c i t y  was found t o  be very s imi i a r  f o r  

t h r ee  test specimens. 

Several t e s t  condition combinations of in-plane load and t ransverse  

tension ind i ca t e  moderate in-plane loads do no t  reduce t he  TPS 

t ransverse t e n s i l e  s t rength .  

Transverse tension applied a s  a represen ta t ive  p r . s su re  shock t o  

"a portion of" o r  t o  " a l l  of" t he  t i l e  top sur face  d id  not  r e s u l t  

i n  f a i l u r e .  

The low in-plane s t i f f n e s s  of t he  SIP permits s i g n i f i c a n t  in-plane 

displacements t o  occur. For example, a f i r s t  cycle  in-plane 

load of 137 N (30.8 l b )  resu l ted  i n  an in-plane displacement of 

0.274 crn (0.108 in . ) .  

A s t rong coupling was exhibi ted between in-plane and t ransverse  

forces  and displacements. A t ransverse  tension load,  f o r  zxample, 

reduces the magnitude of the  in-plane displacement caused by an 

in-plane force ac t i ng  alone. 

The previous h i s t o r y  of loading is important i f  one is t o  pred ic t  

t he  displacement response t o  t he  current  s e t  of loads.  
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Figure 5. - Tension test setup and instrumentation. 
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Figure 1 1 .  - SIP average s t r e s s  versus t i l e  transverse displacement for 

specimen passing proof t e s t .  
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Figure 12. - SIP average stress versus tile transverse displacement Cor 

specimen failing proof test (acoustic criteria 3 ) .  
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Figure 14. - SIP average stress versus tile displacement for three specimens 
loaded to failure in transverse tension using constant displacement 

rate load machine. 
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Figure 16. - SIP  average s tress  versus t i l e  displacement for specimen loaded t o  

fai lure i n  transvers2 tension. Load applied by pressure. 
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Figure 20. - Displacement response to in-plane loading only for load cycles 

1 thru 5 .  Table 111. 
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Figure 21. - Tile displacement response to pressure loading while constant 
in-plane load of 162N (36.5 ~ o u n d )  imposed on tile. Load cycle 5. 
Table 111. 
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Figure 25. - Tile displacement response for in-plane loading only. Load cycle 9. 

Table V. 
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Figure 26. - SIP average stress versus tile transverse displacement for ultimate 

failure load cycle of specimen previously loaded by selected 

combinations of in-plane load and negative pressure shock (see Table V). 
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