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I 

SUMMARY 

I n  t h i s  program, s t u d i e s  were conducted t o  opt imize t h e  c o a t i n g  p rocess  and 

more f u l l y  c h a r a c t e r i z e  fused s l u r r y  s i l i c i d e  coated columbium a l l o y s  f o r  u s e  as 

h e a t  s h i e l d s  on Space S h u t t l e  vehicles. Much of the c h a r a c t e r i z a t i o n  e f f o r t  w a s  

performed concur ren t ly  w i t h  t h e  s l u r r y  p rocess  sca l eup  op t imiza t ion .  

1.0 EVALUATION OF COATED COLUMBIUM SHEET AND HEAT SHIELD PANELS 

T e s t  c o n d i t i o n s  f o r  r euse  e v a l u a t i o n  of fused s l u r r y  s i l i c i d e  coated columbium 

a l l o y s  were s e l e c t e d  t o  be  r e p r e s e n t a t i v e  of  a Space S h u t t l e  o p e r a t i o n a l  system. 

The s e l e c t e d  c o n d i t i o n s  of temperature ,  p r e s s u r e  and stress w e r e  n o t  r e p r e s e n t a t i v e  

of a p a r t i c u l a r  p o i n t  on a s p e c i f i c  v e h i c l e  b u t  w e r e  designed t o  encompass t h e  

s e v e r e  elements of any probable  t r a j e c t o r y .  

F ive  columbium a l l o y s  (Cb-752, C-129Y9 FS-85, B-66, and WC-3015) w e r e  evalu- 

a t e d  i n  a series of tests t o  determine t h e  optimum a l l o y  f o r  Space S h u t t l e  h e a t  

s h i e l d s .  Eva lua t ions  included a w e l d a b i l i t y  and d u c t i l e  t o  b r i t t l e  t r a n s i t i o n  

temperature  t es t ,  mechanical p r o p e r t y  changes due t o  c o a t i n g  and r e u s e ,  and t h e  

e f f e c t  of r e u s e  on emit tance.  

F a b r i c a t i o n  Tests - A l l  f i v e  a l l o y s  s u c c e s s f u l l y  passed a welding test i n  

which a c i r c u l a r  weld w a s  made on a r e s t r a i n e d  s h e e t  of material and v i s u a l l y  

examined f o r  cracking.  

D u c t i l e  t o  b r i t t l e  t r a n s i t i o n  temperature  (DBTT) tests w e r e  conducted as a 

measure of f a b r i c a b i l i t y .  The h igh  DBTT f o r  t h e  WC-3015 a l l o y  makes f a b r i c a t i o n  

and handl ing of t h i n  gage h e a t  s h i e l d s  of t h i s  a l l o y  very d i f f i c u l t .  The moder- 

a t e l y  low DBTT f o r  t h e  B-66 a l l o y  w a s  n o t  as low as d e s i r e d  s i n c e  s l i g h t  v a r i a t i o n s  

i n  chemistry o r  anneal ing temperature  could raise t h e  DBTT above room temperature .  

The o t h e r  t h r e e  a l l o y s ,  Cb-752, FS-85, and C-129YY had DBTT's t h a t  were low enough 

t o  a l l o w  v a r i a t i o n s  i n  t h e  parameters  t h a t  a f f e c t  DBTT and s t i l l  remain below room 

temp e rat u r e. 

Mechanical P r o p e r t i e s  - The e f f e c t s  of c o a t i n g  and r e u s e  on t h e  mechanical 

p r o p e r t i e s  of t h e  f i v e  columbium a l l o y s  w e r e  determined by t e n s i l e  t e s t i n g  s t an -  

dard s h e e t  specinens t h a t  w e r e  coated and condi t ioned.  Exposure w a s  r e p r e s e n t a t i v e  

of t h e  r e e n t r y  f l i g h t  of Space S h u t t l e  O r b i t e r  v e h i c l e  temperature  and p r e s s u r e  

p r o f i l e s .  

cond i t ion .  Defec t ing  c o n s i s t e d  of removing a s p o t  of c o a t i n g  0.030" (0.076 cm) i n  

Coated t e n s i l e  specimens w e r e  exposed i n  bo th  a de fec t ed  and nondefected 

1 
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diameter  from one s i d e  of t h e  0.25'' (0.6 cm) wide by 1.0" (2.5 cm) specimen gage 

l eng th .  

50 and 100 r e e n t r y  cyc le s .  Defected specimens w e r e  exposed f o r  5 t o  10  c y c l e s  i n  

t h e  e x t e r n a l  p r e s s u r e  environment and 50 c y c l e s  i n  t h e  i n t e r n a l  p r e s s u r e  environ- 

ment. 

a l l o y s  when t h e  m e t a l  consumed dur ing  c o a t i n g  formation w a s  accounted f o r .  There 

w a s  a l o s s  i n  t e n s i l e  e l o n g a t i o n  f o r  a l l  a l l o y s .  

d e f e c t i n g  p l u s  r e u s e  c y c l i n g  on u l t i m a t e  t e n s i l e  s t r e n g t h  o f  t h e  f i v e  a l l o y s  are 

shown i n  F igu res  5-13 through 5-17, S e c t i o n  5.0. Reuse c y c l i n g  caused no s i g n i f i -  

can t  l o s s  i n  mechanical p r o p e r t i e s  except  f o r  t h e  WC-3015 a t  room temperature .  

Defect ing produced s i g n i f i c a n t  l o s s  i n  room temperature  p r o p e r t i e s  a f t e r  r euse  

c y c l i n g ,  bu t  e l e v a t e d  temperature  p r o p e r t i e s  w e r e  n o t  s i g n i f i c a n t l y  degraded. 

I n  t h e  nondefected c o n d i t i o n  coated t e n s i l e  specimens w e r e  exposed t o  

The c o a t i n g  caused no l o s s  of u l t i m a t e  o r  y i e l d  s t r e n g t h  f o r  any of the f i v e  

The e f f e c t s  of r e u s e  c y c l i n g  and 

Emittance Tests - Specimens of t h e  f i v e  columbium a l l o y s  w e r e  coated w i t h  t h e  

R-512E coa t ing  and then  exposed t o  2400°F (1300°C) e x t e r n a l  p r e s s u r e  r e e n t r y  c y c l i n g  

t o  determine t h e  e f f e c t s  of r e u s e  on emit tance.  Three specimens of each a l l o y  were 

removed af ter  9 ,  24, 49 and 99 c y c l e s  of exposure.  An a d d i t i o n a l  c y c l e  of exposure 

using r e s i s t a n c e  h e a t i n g  w a s  accomplished i n  t h e  emissometer du r ing  emi t t ance  

measurements. Because of d i f f i c u l t i e s  encountered i n  a t t a c h i n g  thermocouples 

d i r e c t l y  t o  t h e  t h i n  s h e e t  samples, a new method us ing  u l t r a v i o l e t  pyrometry w a s  

developed t o  measure specimen t i m e  temperature.  Temperature and emi t t ance  w e r e  

c a l c u l a t e d  by i t e r a t i o n  from t h e  thermopile  i n f r a r e d  d e t e c t o r  and t h e  o p t i c a l  

pyrometer o u t p u t s .  The emi t t ance  a t  2400°F (130OOC) i s  approximately 0.9 and i s  

a f f e c t e d  very l i t t l e  by r e e n t r y  c y c l i n g  o r  r euse  ( s e e  F igu res  3-5 through 3-9, 

Sec t ion  3.0,  Volume 11). 

A n a l y t i c a l  T e s t i n g  - X-ray d i f f r a c t i o n ,  x-ray f l u o r e s c e n c e ,  and e l e c t r o n  

microprobe techniques w e r e  used t o  s tudy  t h e  e f f e c t s  of r e u s e  on c o a t i n g  Chemistry. 

There were no major e f f e c t s  o r  d i f f e r e n c e s  i n  chemistry due t o  reuse.  The major 

conclusion t h a t  can b e  drawn from t h e  e l e c t r o n  microprobe a n a l y s i s  i s  t h e  e x c e l l e n t  

s t a b i l i t y  of t h e  elements i n  t h e  R-512E c o a t i n g  on FS-85 w i t h  respect t o  fu rnace  

s imulated r e e n t r y  c y c l i n g .  

Reuse S t u d i e s  - T e s t  r e s u l t s  from mechanical p r o p e r t y ,  c o a t i n g  chemistry 

o p t i n i z a t i o n ,  chemistry and s t r u c t u r e ,  and emi t t ance  s t u d i e s  w e r e  reviewed t o  

choose t h e  t h r e e  a l l o y s  most s u i t a b l e  f o r  h e a t  s h i e l d  pane l  a p p l i c a t i o n s .  The 

t h r e e  columbium a l l o y s  s e l e c t e d  w e r e :  FS-85, Cb-752 and C-129Y. F ive  pane l s  

. 
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(1" x 4" )  each of R-512E coated FS-85 and Cb-752 and f o u r  pane l s  (1" x 4" )  of 

C-129Y were t e s t e d .  

s t r a t e d  f o r  a l l  t h r e e  a l l o y / c o a t i n g  systems. 

showed t h a t  FS-85 w a s  the b e s t  a l l o y ;  t h e r e f o r e  coa ted  FS-85 w a s  s e l e c t e d  f o r  the 

c o a t i n g / a l l o y  e v a l u a t i o n s  t o  b e  performed i n  t h e  remainder of  t h e  program. 

One hundred c y c l e  r euse  c a p a b i l i t y  w a s  s u c c e s s f u l l y  demon- 

The o v e r a l l  s c r e e n i n g  test r e s u l t s  

Subsize 3" x 12" (7.5 c m  x 30 cm) r i b  s t i f f e n e d  FS-85 h e a t  s h i e l d  p a n e l s  

coated with 3.0 m i l s  (75 pm) of R-512E c o a t i n g  w e r e  s u b j e c t e d  t o  t h e  temperature ,  

p r e s s u r e ,  and stress r e p r e s e n t a t i v e  of r e e n t r y  f l i g h t  p r o f i l e  c o n d i t i o n s  f o r  a 

Space S h u t t l e  Orbiter f o r  th i s  s tudy .  E igh t  pane l s  w e r e  exposed t o  f l i g h t  simula- 

t i o n  c o n d i t i o n s  f o r  200 cyc le s .  Evidence of t h e  f i r s t  i n c i p i e n t  c o a t i n g  f a i l u r e  

f o r  t h e  e i g h t  pane l s  t e s t e d  d i d  n o t  become apparent  u n t i l  a f t e r  66 f l i g h t  simula- 

t i o n  cyc le s .  

f l i g h t  s imula t ion  c y c l e s  had been completed. A l l  i n c i p i e n t  c o a t i n g  f a i l u r e s ,  

which occurred p r i o r  t o  176 f l i g h t  s i m u l a t i o n  c y c l e s ,  w e r e  edge f a i l u r e s .  

s u r f a c e  f a i l u r e  occurred a f t e r  176 f l i g h t  s imula t ion  cyc le s .  T i m e s  t o  i n c i p i e n t  

c o a t i n g  f a i l u r e s  w e r e  examined s t a t i s t i c a l l y  u t i l i z i n g  Weibull  d i s t r i b u t i o n .  Rank 

t a b l e s  w e r e  used because of t h e  s m a l l  sample s i z e .  Median rank va lues  f o r  t h e  

i n c i p i e n t  t i m e s  t o  f a i l u r e  are shown p l o t t e d  on Weibull p robab iL i ty  paper i n  

F igu re  1. A l s o  shown are t h e  5% and 95% rank curves which encompass 90% of t h e  

t o t a l  popu la t ion  of test d a t a  f o r  an i n f i n i t e  number of samples. 

Two p a n e l s  showed no evidence of c o a t i n g  f a i l u r e s  u n t i l  a f t e r  200 

One 

S t r u c t u r a l  l i f e  f o r  seven of t h e  e i g h t  p a n e l s  exceeded 200 r e e n t r y  c y c l e s  f o r  

t h e  test c o n d i t i o n s  employed. The one s t r u c t u r a l  f a i l u r e  w a s  a f a t i g u e  f a i l u r e  

wnich occurred du r ing  t h e  l as t  a c o u s t i c  exposure ( s i m u l a t i n g  l i f t - o f f  cond i t ions )  

a f t e r  t h e  pane l  had been r e e n t r y  cycled 200 t i m e s .  The p a n e l  had s u c c e s s f u l l y  

passed 176 complete f l i g h t  s imula t ions .  The f a t i g u e  f a i l u r e  s t a r t e d  a t  a coa t ing  

f a i l u r e  s i t e  on one of t h e  r i b  s t i f f e n e r s .  Th i s  c o a t i n g  f a i l u r e  s i t e  w a s  f i r s t  

ev iden t  a f t e r  176 r e e n t r y  c y c l e s .  

which occurred a t  66 r e e n t r y  cyc le s )  had no e f f e c t  on s t r u c t u r a l  i n t e g r i t y  up t o  

200 r e e n t r y  c y c l e s .  

Gther  edge i n c i p i e n t  c o a t i n g  f a i l u r e s  (some of 

Local ized Coating Damage - An i n v e s t i g a t i o n  w a s  conducted t o  determine t h e  

e f f e c t  of l o c a l  c o a t i n g  damage on t h e  s t r u c t u r a l  i n t e g r i t y  of  coated FS-85 r i b  

and c o r r u g a t i o n  s t i f f e n e d  pane l s .  The p a n e l s  and test c o n d i t i o n s  w e r e  i d e n t i c a l  

t o  t hose  u t i l i z e d  i n  t h e  c o a t i n g  r e u s e  l i f e  s t u d i e s .  P r i o r  t o  r e e n t r y  s i m u l a t i o n ,  

each pane l  w a s  i n t e n t i o n a l l y  de fec t ed  a t  one t o  t h r e e  sites t o  s i m u l a t e  c o a t i n g  

damage. An area of c o a t i n g  approximately 1/8" (0.32 cm) i n  diameter  w a s  removed 

by g r i t  b l a s t i n g  a t  each s i te .  
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WElBULL PLOT OF INCIPIENT COATING FAILURE 0 
NOTE: SAME AS TEXT FIGURE 11-12 

FIGURE 1 
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The performance of a l l  of t h e  de fec t ed  p a n e l s ,  cons ide r ing  t h e  a c o u s t i c  

c o n d i t i o n  and d e f e c t  s i z e  u t i l i z e d ,  showed t h a t  FS-85 columbium a l l o y  h e a t  s h i e l d s  

are q u i t e  t o l e r a n t  of l o c a l  c o a t i n g  damage. 

occurred. Even under t h e  severe a c o u s t i c  c o n d i t i o n s  and worst  case d e f e c t  loca- 

t i o n ,  t h e  de fec t ed  h e a t  shields su rv ived  a minimum of  20 r e e n t r y  f l i g h t s .  

No immediate c a t a s t r o p h i c  failures 

The r e s u l t s  of c r eep  and elastic d e f l e c t i o n  measurements made du r ing  r e e n t r y  

t e s t i n g  of d e f e c t e d  pane l s  d i d  no t  va ry  apprec i ab ly  from t h o s e  ob ta ined  on non- 

de fec t ed  pane l s .  

The d e f e c t i n g  showed no e f f e c t  of t h e  a b i l i t y  of t h e  p a n e l s  t o  wi ths t and  

s t a t i c  des ign  l o a d s .  

as much as 80%, by t h e  d e f e c t i n g  and subsequent contamination and o x i d a t i o n  du r ing  

exposure. 

Depending on d e f e c t  l o c a t i o n ,  t h e  f a t i g u e  l i f e  w a s  reduced 

2.0 COATING PROCESS OPTIMIZATION AND SCALEUP STUDIES 

The o b j e c t i v e  of t h i s  s tudy w a s  t o  op t imize  a s l u r r y  o r  s l u r r i e s ,  so  t h a t  f u l l  

s i z e  20" x 20" (50 c m  x 50 em) r i b  and c o r r u g a t i o n  s t i f f e n e d  pane l s  could be  coated 

uniformly and reproducibly.  The b a s i c  R-512E (Si-20Cr-20Fe) c o a t i n g  w a s  used 

throughout t h e  s tudy.  

Screening - Thirty-two s l u r r y  compositions w e r e  prepared and eva lua ted  on a 

b a s i s  of d ipp ing  and d ry ing  rates, c o a t i n g  t h i c k n e s s ,  c o a t i n g  un i fo rmi ty  top  t o  

bottom, s t r e a k i n g ,  sagging,  and edge p u l l  back. Twenty-seven of t h e  s l u r r i e s  used 

an a c r y l i c  r e s i n  f o r  a b i n d e r  and f i v e  s l u r r i e s  used a n i t r o c e l l u l o s e  l acque r .  

One n i t r o c e l l u l o s e  based and one a c r y l l i c  based s l u r r y  w a s  s e l e c t e d  f o r  

c o a t i n g  p rocess  op t imiza t ion  and t h e  c o a t i n g  of t h e  f u l l  s i z e  r i b  and c o r r u g a t i o n  

s t i f f e n e d  p a n e l s  r e s p e c t i v e l y .  

Chemistry V a r i a t i o n s  - P o s s i b l e  v a r i a t i o n  i n  c o a t i n g  chemistry obtained w i t h  

t h e  dipping p rocess  w e r e  determined by c o a t i n g  a 20" x 20" (50 c m  x 50 cm) f l a t  

s t a i n l e s s  steel  mockup. Samples from t h e  green c o a t i n g  were s e l e c t i v e l y  removed 

from 2" (5 cm) squa re  areas i n  n i n e  l o c a t i o n s  on t h e  pane l .  The c o a t i n g  powder 

obtained w a s  analyzed f o r  chromium and i r o n  by x-ray f luo rescence  t echn iques ,  t h e  

r e s u l t s  are shown i n  F i g u r e  2. The i r o n  con ten t  w a s  found t o  vary from 19.0 t o  . 
20.0%, chromium from 19.5 t o  22%, and s i l i c o n  from 58.6 t o  61.0%. Since t h e  

nominal s l u r r y  composition is 60% S i ,  20% C r y  and 20% F e y  t h e  analyzed va lues  

i n d i c a t e  t h e  e f f e c t i v e n e s s  of t h e  p rocess  and s t a b i l i t y  of t h e  s l u r r y .  

5 
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Edge Coating Methods - S e v e r a l  edge c o a t i n g  methods w e r e  eva lua ted .  A p a i n t  

s t r i p i n g  t o o l  method of applying a bead of  s l u r r y  d i r e c t l y  t o  t h e  edges w a s  

developed which s i g n i f i c a n t l y  improved c o a t i n g  l i f e .  Cb-752 samples w e r e  evalu- 

a t e d  by slow o x i d a t i o n  t e s t i n g  at one atmosphere i n  t h e  as-dipped, oversprayed,  

and beaded edge cond i t ions .  

I n  ano the r  slow c y c l e ,  one atmosphere test, Cb-752 coa ted  p a n e l  segments w i t h  t h e  

edge bead c o a t i n g  had l ives  i n  excess of 100 c y c l e s .  

The r e s u l t s  of  t h e s e  tests are shown i n  F i g u r e  3. 

Composition Optimizat ion - A study w a s  performed t o  select a c o a t i n g  chemistry 

f o r  t h e  C-129Y and FS-85 a l l o y s  t h a t  would o f f e r  b e t t e r  p r o t e c t i o n  than  t h e  R-512E 

(Si-20Cr-20Fe) coa t ing .  Seve ra l  b a s i c  compositions (Si-20Ti-1OMo; Si-20Cr-20Fe; 

Si-20Cr-5Ti; Si-40Cr-1OMo; Si-20Cr-1OW; and Si-20Ti-3V) were a p p l i e d  t o  t h e  C-129Y 

and FS--85 a l l o y s  and screened at 2400'F (1300°C) through slow c y c l e  o x i d a t i o n  and 

reduced p r e s s u r e  p r o f i l e  tests t o  determine their  p r o t e c t i b i l i t y .  Coating composi- 

t i o n s  wi th  h ighe r  t han  20% C r  showed t h e  most promise. The b e s t  performing c o a t i n g  

on FS-85 w a s  Si-40Cr-20Fe and t h e  b e s t  performing c o a t i n g  on C-129Y w a s  Si-35Cr- 

20Fe. The d e c i s i o n  w a s  made no t  t o  change t o  t h e  35 o r  40% C r  con ten t  coa t ings  

f o r  t h e  remainder of t h e  program because t h e  improvement i n  l i f e  w a s  n o t  considered 

s i g n i f i c a n t  enough t o  warrant  a change. 

Subsize Pane l  T e s t s  - Ten s u b s i z e ,  3" x 12" (7.5 c m  x 30 c m ) ,  r i b  and corru-  

g a t i o n  s t i f f e n e d  FS-85 pane l s  were used t o  v e r i f y  t h e  e f f e c t i v e n e s s  and reproduc- 

i b i l i t y  of t h e  c o a t i n g  produced from t h e  optimized a c r y l i c  and n i t r o c e l l u l o s e  

s l u r r i e s  and a p p l i c a t i o n  p rocesses .  

pane l s  under t h e  s i m u l a t i o n  of temperature ,  p r e s s u r e ,  and stress c o n d i t i o n s  

r e p r e s e n t i n g  a Space S h u t t l e  O r b i t e r  r e e n t r y  w i t h  t h e  a d d i t i o n  of an a c o u s t i c  

s imula t ion  of t h e  l i f t - o f f  environment. Pane l s  were eva lua ted  up t o  100 r e e n t r y  

f l i g h t  cyc le s .  

S t r u c t u r a l  f a i l u r e s  w e r e  experienced on a l l  p a n e l s  due t o  f a t i g u e  from 

t h e  a c o u s t i c  t e s t i n g .  The a c o u s t i c  environment w a s  designed t o  cause f a t i g u e  

f a i l u r e s  a t  approximately 100 f l i g h t  c y c l e s .  Based on t h e  r e s u l t s  of t h e  test ,  
2 

t h e  f a t i g u e  l i f e  a t  10,000 p s i  (69 MN/m ) i s  somewhere between 650,000 and 

760,000 c y c l e s  (100 f l i g h t  c y c l e s ) .  

These p a n e l s  w e r e  eva lua ted  l i k e  t h e  1" x 4" 

There w a s  no breakdown of c o a t i n g  produced by t h e  environment. 

Scaleup T e s t  - A s  f i n a l  v e r i f i c a t i o n  of t h e  c o a t i n g  a p p l i c a t i o n  p rocess ,  f u l l  

s i z e  20" x 20" (50 c m  x 50 cm) r i b  and c o r r u g a t i o n  s t i f f e n e d  FS-85 columbium a l l o y  

h e a t  s h i e l d  pane l s  were coated.  

achieved with a range as determined by Dermitron NDT of 21 t o  27 mg/cm . 
2 

An average green c o a t i n g  weight of 24 mg/cm w a s  
2 

The edges 
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of t h e  pane ls  w e r e  coated by t h e  edge beading technique and d i f f u s i o n  t r e a t e d  

f o r  one hour a t  2580OF ( 3 6  hsec  a t  1420°C). Af t e r  f i r i n g  t h e  pane l s ,  t h e  coa t ing  

w a s  found t o  have l o c a l  t h i ckness  v a r i a t i o n s  t h a t  w e r e  w i t h i n  t h e  program goal  of 

- +3 mg/cm . 
p r i o r  t o  t h i s  process  op t imiza t ion  s tudy .  

2 2 This is  better than  a 50% reduc t ion  i n  t h e  - +7 mg/crn v a r i a t i o n  t y p i c a l  

(50 cm) 
I 20 IN. I 

Fe 19.5 
Cr 21.0 
Si 59.5 

Cr 20.4 
Si 60.4 

Cr 19.6 
Si 60.6 

Fe 20.0 1 Cr 20.5 
Si 59.5 I 

Cr 20.5. 
Si 60.1 

Cr 19.5 
Si 60.7 

Cr 22.0 
Si 58.6 

Fe 20.0 
Cr 20.7 
Si 59.3 

Fe 19.0 
Cr 20.0 7 Si 61.0 

COATING COMPOSITION UNIFORMITY ON 20 IN. x 20 IN. (50 CM x 50 CM) 
FLAT STAINLESS MOCKUP 
NOTE: SAME AS TEXT FIGURE 8-3 FIGURE 2 

AS DIPPED AND OVERSPRAYED 

EFFECT OF EDG C E  R-512E CO 
NOTE: SAME AS TEXT TABLE 8-4 

FIGURE 3 

7 

MCDONNELL 



FUSED SLURRY SILICIDE 
COATED COLUMBIUM FINAL REPORT 

MDC E0784 
AUGUST 1973 

VOLUME I 

I1 

INTRODUCTION 

Continued e x p l o r a t i o n  and u t i l i z a t i o n  of  Outer  Space w i l l  depend on develop- 

ment of economical manned v e h i c l e  systems. A NASA System, Space S h u t t l e ,  c u r r e n t l y  

being developed i s  r e l y i n g  h e a v i l y  on r e u s a b i l i t y  f o r  economy. 

w i l l  have t h e  aerodynamic maneuvering characteristics of an a i r p l a n e  f o r  h o r i z o n t a l  

e a r t h  l and ing  and s t i l l  p o s s e s s  t h e  c a p a b i l i t y  of  w i t h s t a n d i n g  s p a c e c r a f t  r e e n t r y  

temperatures .  

s t a n d i n g  s ta t ic  and dynamic load ing  as w e l l  as t h e  h e a t  of r e e n t r y  w i l l  b e  a major 

f a c t o r  i n  the success  of t h e  Space S h u t t l e  vehicles. 

The Space S h u t t l e  

A f u l l y  r e u s a b l e  thermal  p r o t e c t i o n  system (TPS) capable  of  with- 

Coated columbium is  a prime cand ida te  f o r  r e u s a b l e  Space S h u t t l e  h e a t  s h i e l d -  

i n g  because of i ts  e f f i c i e n t  s t r u c t u r a l  c a p a b i l i t y  between 2000'F (1100'C) and 

2600'F (1425OC). C o n t r i b u t i n g  t o  i ts prime candidacy i s  a v a i l a b i l i t y ,  f a b r i c -  

a b i l i t y ,  and p r i o r  u s e  h i s t o r y .  Before coated columbium can be used wi th  f u l l  

confidence f o r  Space S h u t t l e  h e a t  s h i e l d i n g ,  performance areas r e q u i r i n g  f u r t h e r  

s tudy  and e v a l u a t i o n  are r e u s e  c a p a b i l i t y  and e f f e c t s  of l o c a l  l o s s  of coa t ing .  

I n  June 1970, t h e  NASA L e w i s  Research Center  au tho r i zed  McDonnell Douglas 

As t ronau t i c s  Company - East t o  conduct a program t o  op t imize  and more f u l l y  char- 

a c t e r i z e  fused s l u r r y  s i l i c i d e  c o a t i n g s  on columbium a l l o y s .  

of t h i s  program w a s  t h e  c h a r a c t e r i z a t i o n  of  fused s l u r r y  s i l i c i d e  coated B-66, 

C-l29Y, 6b-752, WC-3015, and FS-85 columbium a l l o y s  i n c l u d i n g  a de te rmina t ion  of 

t h e  change i n  material p r o p e r t i e s  due t o  c o a t i n g  and r e u s e ,  t h e  r e u s e  c a p a b i l i t y  

of coated material, c o a t i n g  damage t o l e r a n c e ,  g e n e r a l  f a b r i c a b i l i t y ,  and evalua- 

t i o n  of n o n d e s t r u c t i v e  techniques.  

subcon t rac t  a t  HiTemCo w a s  t o  op t imize  t h e  fused s l u r r y  s i l i c i d e  c o a t i n g  p rocess  

and t o  scale-up t h i s  p rocess  t o  c o a t  f u l l  s i z e  columbium a l l o y  h e a t  s h i e l d s .  

A prime o b j e c t i v e  

An a d d i t i o n a l  o b j e c t i v e  which w a s  pursued under 

C h a r a c t e r i z a t i o n  and e v a l u a t i o n  of  t h e  f i v e  columbium a l l o y s  B-66, C-l29Y, 

Cb-752, WC-3015, and FS-85 coated w i t h  t h e  R-512E fused s l u r r y  s i l i c i d e  c o a t i n g  

a l s o  served as a s c r e e n i n g  test t o  select t h e  optimum a l l o y  f o r  Space S h u t t l e  

h e a t  s h i e l d  pane l s .  Eva lua t ion  s t u d i e s  i n v o l v i n g  a l l  f i v e  a l l o y s  included t h e  

e f f e c t s  of c o a t i n g ,  t h e  e f f e c t s  of c y c l i c  r e e n t r y  exposure on mechanical prop- 

erties ( u l t i m a t e ,  y i e l d  and e longa t ion )  and emit tance.  From t h e s e  tests t h r e e  

a l l o y s  (Cb-752, C-l29Y, and FS-85) w e r e  s e l e c t e d  f o r  f u r t h e r  e v a l u a t i o n .  The 

coa t ing /base  metal r e u s e  c a p a b i l i t y  w a s  determined f o r  t h e  t h r e e  s e l e c t e d  a l l o y s  
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u t i l i z i n g  m i n i a t u r e  h e a t  s h i e l d  pane l s  and app ly ing  a realist ic f a i l u r e  c r i t e r i o n  

of s t r u c t u r a l  l i f e .  

Concurrent w i t h  t h e  a l l o y  s c r e e n i n g  tests, HiTemCo optimized t h e  c o a t i n g  

p rocess  which they had p rev ious ly  developed under A i r  Fo rce  sponsorship t o  apply 

t h e  R-512E fused s l u r r y  s i l i c i d e  coa t ing .  

formulat ion p r e p a r a t i o n ,  and a p p l i c a t i o n  parameters .  P rogres s  w a s  measured by 

t h e  uniformity of t h e  c o a t i n g  b e f o r e  and a f t e r  f i r i n g  and by t h e  r e s i s t a n c e  of 

t h e  c o a t i n g  t o  ox ida t ion .  Both a c r y l i c  and l acque r  based s l u r r i e s  w e r e  optimized 

f o r  a p p l i c a t i o n  t o  f u l l  s i z e  hardware. V e r i f i c a t i o n  of c o a t i n g  un i fo rmi ty ,  

o x i d a t i o n  performance, and r e p r o d u c i b i l i t y  w a s  checked by c o a t i n g  and e v a l u a t i n g  

s u b s i z e  3" x 12" (7 .5  c m  x 30 cm) r i b  and c o r r u g a t i o n  s t i f f e n e d  FS-85 h e a t  s h i e l d  

pane l s .  Eva lua t ion  included me ta l log raph ic  examination and f l i g h t  s imula t ion  

t e s t i n g  f o r  100 c y c l e s .  

s u b s i z e  pane l  e v a l u a t i o n ,  f u l l  s i z e  20" x 20" (50 c m  x 50 cm) r i b  and co r ruga t ion  

s t i f f e n e d  pane l s  (two of each) w e r e  coa ted  and in spec ted .  

Optimizat ion s t u d i e s  included s l u r r y  

A f t e r  accep tab le  performance had been demonstrated i n  t h e  

Other i n v e s t i g a t i o n s  were designed t o  add t o  t h e  technology r equ i r ed  t o  make 

coated columbium a r e l i a b l e  long  l i f e  h e a t  s h i e l d  f o r  v e h i c l e s  such as Space 

S h u t t l e .  The e f f e c t  of l o c a l  l o s s  of c o a t i n g  on h e a t  s h i e l d  performance w a s  

i n v e s t i g a t e d ,  and t h e  s t r u c t u r a l  l i f e  of h e a t  s h i e l d s  w a s  s t u d i e d .  

Subsized FS-85 r i b  and c o r r u g a t i o n  s t i f f e n e d  h e a t  s h i e l d  pane l s  were u t i l i z e d  

i n  determining t h e  e f f e c t s  of l o c a l  l o s s  of c o a t i n g  on h e a t  s h i e l d  performance. 

S m a l l  areas of c o a t i n g  w e r e  i n t e n t i o n a l l y  removed from t h e  p a n e l s  p r i o r  t o  exposing 

them t o  f l i g h t  s imula t ion .  The e f f e c t s  of t h i s  c o a t i n g  damage on t h e  s t r u c t u r a l  

i n t e g r i t y  and l i f e  of t h e  h e a t  s h i e l d  p a n e l s  were determined. 

The s t r u c t u r a l  l i ves  of columbium h e a t  s h i e l d s  were s t u d i e s  us ing  s u b s i z e  

3" x 1 2 "  (7.5 c m  x 30 cm) r i b  s t i f f e n e d  FS-85 pane l s .  Pane l s  were exposed t o  

f l i g h t  s i m u l a t i o n  t e s t i n g  f o r  200 c y c l e s  o r  s t r u c t u r a l  f a i l u r e  whichever occurred 

f i r s t .  
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EXPERIMENTAL 

1.0 MATERIAL CHARACTERIZATION AND PROCESS SCALE-UP STUDIES 

Materials and experimental  ac t iv i t ies  are desc r ibed  i n  t h i s  s e c t i o n .  

2 .0  INTERNATIONAL UNITS 

The I n t e r n a t i o n a l  System of U n i t s ,  S I  U n i t s ,  i s  used as t h e  secondary system 

of u n i t s  i n  t h i s  r e p o r t ,  p a r e n t h e t i c a l l y  fo l lowing  t h e  customary Eng l i sh  Un i t s .  

I n  t h e  case of f i g u r e s  and t a b l e s ,  s e p a r a t e  abscissa and o r d i n a t e  scales o r  columns 

are given,  one i n  S I  U n i t s ,  and one i n  customary E n g l i s h  Un i t s .  

The S I  Un i t s  used i n  t h i s  

below: 

Phys ica l  Quant i ty  

Length 

Mass 

T i m e  

Area 

Volume 

Density 

Force 

P r e s s u r e  

Dynamic V i s c o s i t y  

Work 

The names of m u l t i p l e s  

r e p o r t ,  t o g e t h e r  w i t h  t h e i r  symbols, are l i s t e d  

N a m e  of Unit  Symb 01 

meter m 

gram g 

second S 

squa re  meter m 

cub ic  meter m 

grams p e r  cub ic  meter g/m3 

newton N (kg-m/s 1 
newton p e r  squa re  m e t e r  N/m2 

newton-second p e r  squa re  meter N * s / m  

j o u l e  J (N*m)  

2 

3 

2 

2 

and submul t ip l e s  of t h e  S I  Un i t s  used w e r e  formed by 

t h e  a p p l i c a t i o n  of  t h e  fol lowing p r e f i x e s  : 

Mu1 t i p l y i n g  Fact  o r  P r e f i x  Symbol 

l o 6  mega M 

10 k i l o  k 

l o 2  h e c t o  h 

c e n t i  C 

m i l l i  m 

micro 1-1 
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3.0 PROCUREMENT OF COLUMBIUM ALLOYS 

3.1 S e l e c t i o n  of  Alloys - The s e l e c t i o n  of t h e  s h e e t  columbium a l l o y s  f o r  

e v a l u a t i o n  i n  t h i s  program w a s  based on t h e  a v a i l a b l e  knowledge about t h e i r  

s t r e n g t h ,  f o r m a b i l i t y ,  w e l d a b i l i t y  , r e u s a b i l i t y  and c o a t a b i l i t y .  

Mechanical p r o p e r t i e s  w a s  one of t h e  more important  c o n s i d e r a t i o n s  i n  a l l o y  

s e l e c t i o n .  S t r e n g t h  t o  d e n s i t y  r a t i o  as a f u n c t i o n  of  temperature  and creep prop- 

er t ies  were taken i n t o  cons ide ra t ion .  The a b i l i t y  of t h e  a l l o y s  t o  r e t a i n  d u c t i l i t y  

and s t r e n g t h  after f u s i o n  welding and t h e i r  a b i l i t y  t o  be  b e n t  around sha rp  r a d i i  

w i thou t  cracking w e r e  considered. C o a t a b i l i t y  w a s  e v a l u a t e d  i n  terms o f  t h e  e f f e c t s  

t h a t  t h e  fused s l u r r y  s i l i c i d e  coa t ing  f u s i o n  c y c l e  would have on a l l o y  behavior .  

Five columbium a l l o y s  w e r e  s e l e c t e d  on t h e  b a s i s  of posses s ing  t h e  b e s t  

combination of  p r o p e r t i e s  f o r  performing as r e u s a b l e  h e a t  s h i e l d s  f o r  a Space 

S h u t t l e  v e h i c l e .  The f i v e  a l l o y s  and t h e i r  nominal chemis t r i e s  w e r e :  

Designat ion Nominal Chemistry 

(21-752 Cb-low-2.5 Z r  

6-129Y Cb-1OW-1OHf-O.1Y 

FS-85 Cb-28Ta-10W-1 Z r  

B-66 Cb-5V-5Mo-1 Z r  

WC- 3015 Cb-30Hf-15W-5Ti-1Zr-Oa05C 

The columbium a l l o y s  t h a t  w e r e  s t u d i e d  i n  t h i s  program were procured t o  t h e  app l i -  

cab le  McDonnell Douglas o r  s u p p l i e r s '  s p e c i f i c a t i o n s .  I n  a d d i t i o n ,  a l l  o f  t h e  

s u p p l i e r s  were i n s t r u c t e d  t o  supply on ly  material r e p r e s e n t a t i v e  of  today 's  

s t a t e -o f - the -a r t .  This  is p a r t i c u l a r l y  a p p l i c a b l e  t o  t h e  new developmental a l l o y  

WC-3015; t h e  o r i g i n a l  composition w a s  developed f o r  a c a s t i n g  o r  b a r  product .  

Since w e  were r eques t ing  s h e e t s ,  t h e  a l l o y  developer  (Wah Chang Albany Corporation) 

modified t h e  a l l o y  composition t o  y i e l d  a lower s t r e n g t h  b u t  a more f a b r i c a b l e  

a l l o y .  This new a l l o y  h a s  a lower tungs t en  and carbon con ten t  t han  t h e  o r i g i n a l  

a l l o y  i n  a d d i t i o n  t o  i n c r e a s e d  concen t r a t ions  of t i t a n i u m  and zirconium. A s m a l l  

amount of y t t r i u m  w a s  a l s o  added. 

The B-66 a l l o y  w a s  ob ta ined  from t h e  Bureau of  Naval Weapons i n  t h e  form of 

0.050" (0.127 cm) s h e e t  which remained i n  t h e i r  s t o r a g e  from an earlier program 

(NoW-63-023/~). 

Th i s  material w a s  r e r o l l e d  t o  t h e  r e q u i r e d  gages. A l l  r o l l i n g  and anneal ing w a s  

accomplished i n  a r e f r a c t o r y  metal s u p p l i e r ' s  (Fans t ee l )  p l a n t  t o  i n s u r e  t h a t  t h e  

material would b e  processed w i t h  t h e  same equipment and techniques t h a t  are used 

i n  t h e  manufacture of o t h e r  r e f r a c t o r y  metals. 

The material w a s  produced by Westinghouse Astronuclear  Laboratory,  

1 1  
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The C-129Y a l l o y  w a s  procured from Wah Chang Albany Corporation. 

FS-85 and (3-752 a l l o y s  w e r e  procured from F a n s t e e l  Corporation. 

Since a l l  of t h e s e  a l l o y s  w e r e  b e i n g  considered f o r  use as h e a t  s h i e l d  p a n e l s ,  

which w i l l  r e q u i r e  a material w i t h  good f a b r i c a t i o n  c h a r a c t e r i s t i c s ,  they were 

procured i n  t h e  f u l l y  annealed cond i t ion .  

3.2 Material C e r t i f i c a t i o n s  - The s u p p l i e r s  were r e q u i r e d  t o  submit c e r t i f i e d  

tes t  r e p o r t s  o u t l i n i n g  t h e  t y p i c a l  method of manufacture,  i n c l u d i n g  f i n a l  anneal ing 

temperature ,  and carbon, oxygen, n i t r o g e n  and hydrogen i n t e r s t i t i a l  ana lyses  which 

which t end  t o  i n h i b i t  f a b r i c a b i l i t y .  

A t y p i c a l  method of manufacture used f o r  p roduc t ion  of t h e  columbium a l l o y  

s h e e t  w a s  t o  arc m e l t ,  e x t r u d e  i n t o  s h e e t  b a r ,  and vacuum annea l ,  followed by 

cond i t ion ing  ( c l ean ing)  and a t h i c k n e s s  r educ t ion  p rocess  of r o l l i n g  and anneal ing.  

Three o r  f o u r  cond i t ion ing  , r o l l i n g  , and annea l ing  sequences were r equ i r ed  

depending on f i n a l  s h e e t  t h i c k n e s s  d e s i r e d .  

The i n t e r s t i t i a l  con ten t  w a s  c o n t r o l l e d  because a high i n t e r s t i t i a l  content  

can s e r i o u s l y  a f f e c t  t h e  d u c t i l i t y  and w e l d a b i l i t y  of columbium a l l o y s .  

A summary of t h e  c e r t i f i c a t i o n s  r ece ived  w i t h  C-l29Y, Cb-752, FS-85, B-66 

and WO-3015 i s  p resen ted  i n  Table  3-1. The chemical ana lyses  shown i n  t h i s  t a b l e  

w e r e  on t h e  f i n a l  products .  It can b e  seen  that t h e  i n t e r s t i t i a l s  are representa-  

t i v e  of c u r r e n t  s h e e t  technology, and t h e  mechanical p r o p e r t i e s  are r e p r e s e n t a t i v e  

of f u l l y  annealed material except  f o r  t h e  WC-3015 a l l o y .  

TABLE 3-1 

SUMMARY OF VENDOR CERTIFICATIONS 
Chemical Analysis (1) 

- 
C 

- 
84 

92 

50 

170 

96 - 

PPM I 
0 

- 
55 

44 

110 

330 

56 
- 

Si 

0.001 

0.001 

0.005 

0.005 

- 
- 

Ti 

0.0000E 

0.005 

0.004 

4.47 

0.001 - 

Y 

- 

- 

0.12 

0.0755 

- 
- 

(1) INTERSTITIAL ANALYSIS (COHN) FOR FINAL PRODUCT 
(2) ELONGATION OVER 1" (2.5 cm) GAUGE LENGTH 
(3) ELONGATION OVER 2" (2.5 cm) GAUGE LENGTH 

Yo BY WEIGHT 

12 

- 

Zr 
- 

0.9 

2.65 

0.39 

1.4 

0.90 - 

- 

Mo 

- 
0.005 

0.1740 

0.0125 

0.0130 

4.40 - 

PROPERTIES 

BAL 88(607) 66(455) 24(2) 

BAL 79(545) 56(386) 28(2) 

BAL 87.51603) 73496) 27(3) 

BAL 145(1000) 140(965) 12(3) 

BAL 106(731) 81(558)1 25(2' 

ASTN 
GRAIC 
SIZE 

- 
7 

8 

9.5 

- 

6.5 - 
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4.0 CONSPECTUS OF THE TEST CONDITIONS 

Reuse e v a l u a t i o n  of fused s l u r r y  s i l i c i d e  coated columbium a l l o y s  invo lv ing  

t a b s ,  t e n s i l e ,  and pane l  specimens r equ i r ed  t h e  s e l e c t i o n  of a set of test condi- 

t i o n s  f o r  t h e  p r o f i l e  s imula t ion  t e s t i n g .  These test c o n d i t i o n s  w e r e  s e l e c t e d  t o  

r e p r e s e n t  a Space S h u t t l e  o p e r a t i o n a l  system. 

t r a j e c t o r y  and p o i n t  on a s p e c i f i c  v e h i c l e ,  t h e  necessa ry  parameters  of t i m e ,  

temperature ,  p r e s s u r e ,  and stress were s t u d i e d  s e p a r a t e l y .  An a t t empt  w a s  made t o  

i n s u r e  t h a t  t h e  f u l l  e f f e c t  of each parameter would be  imposed upon t h e  test 

specimen i n  a real is t ic  manner. 

t h e  gene ra l  environmeqtal  cond i t ions  of t h e  several S h u t t l e  v e h i c l e s  and missions 

under c o n s i d e r a t i o n ,  as w e l l  as of probable  f u t u r e  v e h i c l e s .  

I n s t e a d  of s e l e c t i n g  a p a r t i c u l a r  

The test c o n d i t i o n s  had t o  be r e p r e s e n t a t i v e  of 

The i n i t i a l  test c o n d i t i o n s  s e l e c t e d  are shown i n  Figure 4-1 and were used 

f o r  e v a l u a t i o n  of t a b s ,  t e n s i l e  specimens, and m i n i a t u r e  h e a t  s h i e l d  pane l s .  

The temperature ,  p r e s s u r e ,  and stress r e l a t i o n s h i p s  f o r  s u b s i z e  pane l s  were 

maintained throughout as shown i n  F igu re  4-2. 

The f l i g h t  s i m u l a t i o n  t e s t i n g  of a s u b s i z e  r i b  s t i f f e n e d  p a n e l  r equ i r ed  t h e  

use  of a 7" (18 cm) diameter  t u b e  furnace.  Since t h i s  fu rnace  would no t  coo l  a t  

t h e  r equ i r ed  rate, t h e  p r o f i l e  w a s  extended t o  3600 sec e l a p s e d - t i m e .  

A p a r t  of t h e  f l i g h t  s i m u l a t i o n  which w a s  performed on each s u b s i z e  h e a t  

s h i e l d  pane l  and no t  shown i n  F igu re  4-2 w a s  a c o u s t i c  exposure t o  s i m u l a t e  t h e  

n o i s e  environment experienced du r ing  l i f t - o f f .  Peak a c o u s t i c  l oad ing  c o n d i t i o n s  

are experienced f o r  approximately 30 sec dur ing  each l i f t - o f f .  Each of t h e  test 

parameters w i l l  be  d i scussed  s e p a r a t e l y  and t h e  r a t i o n a l e  f o r  i t s  d e f i n i t i o n  i s  

given i n  Volume 11. 
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5.0 C W C T E R I Z A T I O N  AND EVALUATION OF COLUNBIUM ALLOYS 

The f i v e  columbium a l l o y s  were given a series of e v a l u a t i o n  tests t o  determine 

t h e  optimum a l l o y  f o r  Space S h u t t l e  h e a t  s h i e l d s .  Eva lua t ion  included g e n e r a l  

f a b r i c a b i l i t y  and change i n  material p r o p e r t i e s  due t o  c o a t i n g  and r euse .  

5.1 F a b r i c a b i l i t y  - Weldab i l i t y  w a s  i n i t i a l l y  determined by performing a 

c i r c u l a r  pa t ch  o r  a r e s t r a i n t  weld on t h e  0.012" (0.03 cm) t h i c k  material. 

R e s t r a i n t  w a s  accomplished by clamping an 8" (20 cm) r i n g  over  t h e  s h e e t  and then 

e l e c t r o n  beam welding a 2" (5 cm) circle. The test f i x t u r e  w i t h  one of t h e  welded 

specimens is  shown i n  F igu re  5-1. A l l  of t h e  alloys: w e r e  s u c c e s s f u l l y  welded w i t h  

no evidence of cracking.  

Samples of each of t h e  f i v e  columbium a l l o y s ,  Cb-752, FS-85, C-l29Y, WC-3015 

and B-66, w e r e  prepared f o r  de t e rmina t ion  of t h e  d u c t i l e  t o  b r i t t l e  t r a n s i t i o n  

temperature  (DBTT). I n  t h i s  test  t h e  DBTT is de f ined  as t h a t  temperature  a t  which 

a 120' bend can be  s u c c e s s f u l l y  made (without  cracking)  i n  a material over  a 1 T  

r a d i u s  using a 1 x 2" (2.5 x 5.0 cm) specimen and a 2R + 2-1/2T span (T is  t h e  s h e e t  

material  t h i c k n e s s  and R is  t h e  bend r a d i u s  which i n  t h i s  case is equa l  t o  T) .  

Using t h i s  test t h e  DBTT w a s  determined f o r  a l l  5 columbium a l l o y s  i n  t h e  ''as 

received" and t h e  "welded and stress rel ieved ' '  cond i t ion .  To determine i f  any 

asymmetry e x i s t e d  i n  t h e  ''as received' '  material ,  test samples w e r e  included w i t h  

t h e  g r a i n  running l o n g i t u d i n a l l y ,  t r a n s v e r s e l y ,  and on a 45" angle .  The r e s u l t s  

of t h e s e  tests are p resen ted  i n  Figure 5-2. 

From t h i s  f i g u r e  it can be seen t h a t  t h e  WC-3015 a l l o y  possessed t h e  h ighes t  

t r a n s i t i o n  temperature  i n  bo th  t h e  "as received" and "welded and stress r e l i e v e d  

condi t ion."  The postweld h e a t  t r ea tmen t  caused a s i g n i f i c a n t  i n c r e a s e  i n  t h e  

t r a n s i t i o n  temperature ,  making t h i s  a l l o y  unacceptable  f o r  welded s t r u c t u r e s .  I n  

t h e  case of t h e  B-66 and Cb-752 a l l o y s ,  t h e  t r a n s i t i o n  temperatures  are lower than  

normally expected. Th i s  is p r i m a r i l y  due t o  mod i f i ca t ions  i n  t h e  a l l o y ' s  f i n a l  

anneal ing temperature  and t h e  s e l e c t i o n  of a postweld thermal  c y c l e  t h a t  allowed 

overaging t o  occur.  Previous in-house s t u d i e s  invo lv ing  t h e  Cb-752 a l l o y  have 

shown t h a t  t h e  convent ional  p r a c t i c e  of annea l ing  t h i s  a l l o y  f o r  1 hour a t  

2200-2300°F (1200-1260°C) g e n e r a l l y  r e s u l t e d  i n  a t r a n s i t i o n  temperature  of  +50'F 

(10°C) wh i l e  annea l s  conducted above 2300°F (1260°C) u s u a l l y  caused lowering of 

t h i s  temperature.  Based on t h i s  d a t a  a d e c i s i o n  w a s  made t o  r e q u e s t  t h e  material 

s u p p l i e r  t o  use  a f i n a l  anneal ing temperature  of 1 hour a t  2550°F (1400"C), which 

r e s u l t e d  i n  t h e  lower t r a n s i t i o n  temperature .  The u s e  of t h i s  technique i s  n o t  
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without i ts  a s s o c i a t e d  p e n a l t i e s  s i n c e  i t  t ends  t o  reduce t h e  t e n s i l e  s t r e n g t h .  

The same technique w a s  used on t h e  B-66 a l l o y  which w a s  f i n a l  annealed f o r  1 hour 

a t  2450°F (1340°C). 

5.2 Mechanical P r o p e r t i e s  - U t i l i z i n g  0.012" (0.03 cm) s h e e t  material of t h e  

f i ve  columbium a l l o y s  (Cb-752, C-l29Y, FS-85, B-66, and WC-3015) t e n s i l e  specimens 

were prepared. Eva lua t ion  t e s t i n g  us ing  t h e s e  t e n s i l e  specimens included de te r -  

mining t h e  effects  of fused s l u r r y  s i l i c i d e  c o a t i n g ,  thermal r e u s e  c y c l i n g ,  and 

c o a t i n g  damage on t h e  mechanical p r o p e r t i e s .  

T e n s i l e  specimens w e r e  sheared so  t h a t  t h e  r o l l i n g  and g r a i n  d i r e c t i o n  of t h e  

s h e e t  would be p a r a l l e l  t o  t h e  major axis of t h e  t e n s i l e  specimen. 

tes t  specimens w e r e  used i n  an e f f o r t  t o  provide t e n s i l e  d a t a  t h a t  would be 

r e p r e s e n t a t i v e  of t h e  type of t e n s i l e  l oad ing  experienced by t h e  h e a t  s h i e l d  p a n e l s .  

Long i tud ina l  

The t e n s i l e  specimen shown i n  F igu re  5-3 i s  s l i g h t l y  smaller than t h e  s t anda rd  

ASTM specimen, b u t  i t  is i n  agreement w i t h  t h e  t e n s i l e  specimens desc r ibed  i n  t h e  

Materials Advisory Board Report MAB-21GM, "Evaluation T e s t  Methods f o r  Ref rac to ry  

Metal Sheet Materials." Th i s  specimen is p r e f e r a b l e  t o  t h e  s t anda rd  ASTM specimen 

because i t  r e q u i r e s  less material, a l lows more r ap id  h e a t i n g ,  improves gage l e n g t h  

temperature  un i fo rmi ty  and reduces g r i p  loads .  A f t e r  machining, t h e  edges of t h e  

specimens w e r e  c a r e f u l l y  deburred ( s l i g h t l y  rounded p a r a l l e l  t o  t h e  d i r e c t i o n  of 

specimen loading)  and a number stamped on t h e  end t a b  i n  t h e  l o c a t i o n ,  as shown 

i n  Figure 5-3, t o  maintain specimen i d e n t i t y .  

The manufactured t e n s i l e  specimens w e r e  i n spec ted  f o r  dimensional t o l e r a n c e s ,  

and th i cknesses  and widths  were recorded f o r  each accepted specimen. Four hundred 

specimens w e r e  manufactured. T h i r t y  were r e t a i n e d  f o r  t e n s i l e  t e s t i n g  i n  t h e  b a r e  

cond i t ion  and t h e  remaining 370 were coa ted  by HiTemCo wi th  a nominal 19 mg/cm 

R-512E (GOSi-20Cr-20Fe) coa t ing .  

2 

A f t e r  c o a t i n g  and p r i o r  t o  r e e n t r y  exposure c y c l i n g  approximately 40% of t h e  

coated specimens had c o a t i n g  d e f e c t  (damage) sites i n t e n t i o n a l l y  induced. Specimens 

w e r e  l o c a l l y  de fec t ed  by g r i t  b l a s t i n g  w i t h  a m i c r o b l a s t e r  t o  remove, down t o  t h e  

base metal, a 0.030" (0.076 cm) diameter  s p o t  of c o a t i n g ,  from one s i d e  o n l y ,  i n  

t h e  c e n t e r  of t h e  gage l e n g t h ,  For each coated a l l o y  a t ime-pressure s e t t i n g  

r e l a t i o n s h i p  w a s  developed f o r  t h e  m i c r o b l a s t e r  t o  o b t a i n  complete coa t ing  removal. 

A l l  except  60 of t h e  coated t e n s i l e  specimens were exposed t o  r e e n t r y  cyc l ing .  

Reentry c y c l i n g  c o n s i s t e d  of exposure t o  t h e  temperature  and p r e s s u r e  p r o f i l e s  of 

Figure 4-1. Stress p r o f i l i n g  w a s  not  used on t h e  t e n s i l e  specimens. T e n s i l e  
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specimens w e r e  exposed t o  r e e n t r y  c y c l i n g  and t e n s i l e  t e s t e d  according t o  t h e  

test p l a n  p resen ted  i n  Table  5-1. 

+ 0.001 
0*250 -0.000 DIA 

NOTE: 
IN CM 

0 x 0 1  = 0.0025 
0.003 = 0.0076 
0.005 = 0.0127 
0.125 = 0.318 
0.13 = 0.33 
0.25 = 0.63 
0.50 = 1.27 
1.00 = 2.54 
1.25 = 3.18 
1.50 = 3.81 
4.25 = 10.80 

FIGURE 5-3 
SlLE SPECIMEN 

'DIRIENSIONS ARE IN INCHES 

TABLE 5-1 

TEST PLAN FOR TE SlLE TESTS PERFORMED ON EACH OF THE 5 COLUM ALLOYS 

NUMBER OF 
REENTRY EXPOSURE 

CYCLES 

0 

0 
5 

10 

50 

50 

100 

PRESSURE ~ 

- 

EXTERNAL 
EXTERNAL 

INTERNAL 

EXTERNAL 

EXTERNAL 

*(X): TESTS CONDUCTED ON C-129Y, Cb-752 AND FS-85 ALLOYS ONLY 
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5.2.1 Coating and Coating E f f e c t s  - Upon removal from t h e  r e e n t r y  s i m u l a t o r ,  

tensile specimens w e r e  v i s u a l l y  in spec ted .  

Approximately one-third of t h e  R-512E coated Cb-752 t e n s i l e  specimens had 

i n c i p i e n t  c o a t i n g  f a i l u r e s  a t  edges a f t e r  50 and 100 c y c l e s  of r e e n t r y  exposures.  

For t h e  remaining 4 a l l o y s  no c o a t i n g  f a i l u r e s  w e r e  observed; however, after 

r e e n t r y  s imula t ion ,  t h e  WC-3015 specimens w e r e  s e v e r e l y  d i s t o r t e d  and e m b r i t t l e d  

t o  t h e  e x t e n t  t h a t  many specimens w e r e  broken t r y i n g  t o  load  them i n  the t e n s i l e  

machine. 

Metal lographic  examination w a s  conducted t o  determine c o a t i n g  un i fo rmi ty ,  

m i c r o s t r u c t u r a l  changes due t o  c y c l i n g  and base  m e t a l  consumption due t o  c o a t i n g  

and r e e n t r y  cyc l ing .  

100 r e e n t r y  c y c l e s ,  are shown i n  F igu res  5-4, 5-5, 5-6, 5-7 and 5-8. 

Photomicrographs of each coated a l l o y ,  "as coated" and a f t e r  

The c o a t i n g  t h i c k n e s s e s  f o r  B-66, C-l29Y, Cb-752, FS-85, and WC-3015 i n  t h e  

''as coated" c o n d i t i o n  w e r e  nominally 3.0,  3.2,  3.2,  3.2, and 3.8 m i l s  p e r  s i d e  

(76, 81, 81, 81, and 96 pm), r e s p e c t i v e l y .  These c o a t i n g  t h i c k n e s s e s  w e r e  produced 

from approximately t h e  same weight of app l i ed  s l u r r y  (19.3 mg/cm ) . 
consumptions i n  m i l s  p e r  s i d e ,  due t o  c o a t i n g ,  50 c y c l e s ,  and 100 c y c l e s  of r e e n t r y  

exposure f o r  a l l  5 a l l o y s  are p resen ted  i n  F igure  5-9. 

seen t h a t  even though Cb-752 had t h e  lowest  base  m e t a l  consumption as a r e s u l t  of 

c o a t i n g ,  i t  a l s o  had t h e  second h i g h e s t  consumption as a r e s u l t  of thermal cyc l ing .  

Both t h e  C-129Y and FS-85 had t h e  lowest  t o t a l  base metal consumption f o r  100 

c y c l e s .  The h i g h e s t  base  metal consumption bo th  b e f o r e  and a f t e r  c y c l i n g  occurred 

i n  WC-3015. The h igh  r e a c t i o n  rate between WC-3015 and t h e  c o a t i n g  (R-512E) 

r e s u l t e d  i n  t h e  rounding of t e n s i l e  specimen edges. 

o t h e r  a l l o y s .  However, i t  does b r i n g  t o  l i g h t  t h e  p o s s i b i l i t y  t h a t  r e a c t i o n  rate 

c o n t r o l l e d  v ia  temperature  and s l u r r y  composition may b e  used t o  h e l p  produce 

uniform c o a t i n g  coverage on edges. 

2 Base m e t a l  

From t h i s  f i g u r e  i t  can b e  

Th i s  d i d  n o t  occur  w i t h  t h e  

Two nondes t ruc t ive  c o a t i n g  t h i c k n e s s  measurement techniques w e r e  employed t o  

determine and monitor c o a t i n g  t h i c k n e s s  du r ing  c y c l i c  r e e n t r y  exposure of coated 

t e n s i l e  specimens. A t h e r m o e l e c t r i c  dev ice  w a s  used t o  determine c o a t i n g  t h i c k n e s s e s  

on edges i n  t h e  "as coated" c o n d i t i o n .  The Dermitron, o r  eddy c u r r e n t  d e v i c e ,  w a s  

used f o r  s u r f a c e  t h i c k n e s s  measurements. C a l i b r a t i o n  curves f o r  bo th  dev ices  w e r e  

developed f o r  each coating-metal  system. Because e lectr ical  c o n t i n u i t y  is  requ i r ed  
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f o r  t h e  t h e r m o e l e c t r i c  dev ice ,  it could on ly  be  used on specimens i n  t h e  "as coated" 

cond i t ion .  

Cb-752, FS-85, C-l29Y, B-66, and WC-3015 - t h a t  w e r e  exposed t o  a v a r i o u s  number of 

r e e n t r y  c y c l e s  up t o  100 and used f o r  de t e rmina t ion  of r e u s e  e f f e c t s  on mechanical 

p r o p e r t i e s  w e r e  a l s o  u t i l i z e d  t o  monitor c o a t i n g  t h i c k n e s s  changes du r ing  r e e n t r y  

exposure. 

The t e n s i l e  specimens of t h e  f i v e  R-512E coated columbium a l l o y s  - 

Table 5-2 p r e s e n t s  a breakdown of t h e  NDT d a t a  accumulated f o r  t h e  f i v e  R-512E/ 

a l l o y  systems. The ''as coated' '  h igh ,  l o w ,  and average c o a t i n g  t h i c k n e s s e s  as 

determined by t h e  Dermitron and t h e  t h e r m o e l e c t r i c  dev ices  are shown i n  m i l s  p e r  

s i d e .  A l l  t h i c k n e s s  numbers except t h e  h igh  and low, shown f o r  each l o c a t i o n  be fo re  

and a f t e r  c y c l i n g ,  r e p r e s e n t  t h e  average of a minimum of s i x  specimens. 

Both t h e  Derrnitron and t h e  t h e r m o e l e c t r i c  devices  showed a d i s t i n c t  t a p e r  i n  

t h e  coa t ing  th i ckness  from one end t o  t h e  o t h e r .  Based on Dermitron r e a d i n g s ,  t h e  

R-512E coated C-129Y showed t h e  most t a p e r ,  0.4 m i l  (10 pm) p e r  s i d e .  T h i s  t a p e r  

r e s u l t s  from t h e  d i p  a p p l i c a t i o n  of t h e  s l u r r y .  It should be  remembered t h a t  t h e s e  

t e n s i l e  specimens w e r e  coated p r i o r  t o  op t imiza t ion  of t h e  s l u r r y  c o a t i n g  process .  

The t h e r m o e l e c t r i c  r ead ings  showed very t h i n  c o a t i n g  on edges f o r  t h e  R-512E/ 

Cb-752 and R-512E/WC-3015 systems. However, t h e  R-512E/Cb-752 w a s  t h e  only system 

t o  show edge f a i l u r e s  du r ing  t h e  r e e n t r y  exposures.  

The change i n  c o a t i n g  th i ckness  which occurred due t o  r e e n t r y  exposures w a s  

monitored w i t h  t h e  Dermitron. The nega t ive  change i n  t h i c k n e s s  f o r  t h e  specimens 

which were exposed f o r  50 c y c l e s  i n  t h e  i n t e r n a l  p r e s s u r e  environment may be 

accounted f o r  by a l a r g e r  l o s s  due t o  o x i d a t i o n / v a p o r i z a t i o n  mechanisms than  

growth due t o  d i f f u s i o n  at t h e  coating-base m e t a l  i n t e r f a c e .  All coating-base 

metal systems showed a l o s s  i n  t h i c k n e s s  when exposed f o r  50 c y c l e s  t o  t h e  

i n t e r n a l  p r e s s u r e  environment (approximately 5 x 10 t o r r ) .  
-2 

A l l  specimens exposed i n  t h e  e x t e r n a l  p r e s s u r e  environment showed a consider-  

a b l e  growth i n  t h i c k n e s s .  Th i s  w a s  due t o  t h e  combined d i f f u s i o n  zone growth and 

growth a s s o c i a t e d  w i t h  oxide formation on t h e  s u r f a c e  of t h e  coa t ing .  The growth 

rate d i d  not  appear c o n s i s t e n t  w i t h  an expected d i f f u s i o n  rate c o n t r o l l e d  f u n c t i o n .  

The R-512E/C-l29Y had t h e  l a r g e s t  t o t a l  growth p e r  s i d e  a f t e r  100 c y c l e s ,  2.25 

m i l s  (57 pm). 

A f t e r  s imula t ed  r e e n t r y  thermal  c y c l i n g ,  mechanical p rope r ty  tests were con- 

ducted on B-66, C-l29Y, Cb-752, FS-85 and WC-3015 t o  d e t e r n i n e  t h e  e f f e c t s  of 

c o a t i n g  and c o a t i n g  damage on t h e  r euse  p r o p e r t i e s  of t h e  columbium a l l o y s .  A 
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T A B L E  5-2 

TYPICAL NDT COATI G THICKNESS R-512E COATED COLUMBIUM ALLOY 
TENSILE SPECIMENS 

n OA OB n 

*SEE TABLE 5-2 (Continued) I CHANGE FROM AS COATED THICKNESS (MILS/SlDE)* 
DUE TO REENTRY CYCLING 

ALLOY / 
COATINC 

FS-851 
R-512E 

c-129Y 
R-512E 

Cb-2521 
R-512E 

NDT DEVICE 

DERMITRON 

THERMOELECTRIC 

DERMITRON 

THERMOELECTRIC 

DERMITRON 

THERMOELECTRIC 

I 

I ASCOATED I INTERNAL 
LOCATION 

A 
B 
C 
D 
1 
2 
3 
4 
5 
6 
A 
B 
C 
D 
1 
2 
3 
4 
5 
6 
A 
B 
C 
D 
1 
2 
3 - 

THICKNESS MILS)* PRESSURE 
H I  50CYCLES 

3.5 -0.1 
3.3 -0.3 
3.6 -0.2 
3.4 -0.6 
5.6 - 
5.6 - 
4.8 - 
4.7 - 
5 .O - 
6.5 
3.7 -0.5 
3.3 -0.3 
3.7 -0.6 
3.3 -0.3 
7t 
7.0 - 
6.5 - 
5.6 - 
6.8 - 
7t - 
3.3 -0.4 
3.0 -0.2 
3.4 -0.3 
3.0 -0.2 
3.8 - 
3.3 - 
2.4 - 

27 

5 CYCLES 

t 1.1 
t 0.9 
t 1.0 
t 0.8 

- 
- 
- 
- 
- 

+ 0.8 
t 0.3 
t 0.8 
c 0.5 
- 
- 
- 

EXTERNAL PRESSURE 

10 CYCLES 

t 1.2 
t 1.2 
t 1.3 
t 1.1 
- 
- 
- 
- 
- 
- 

t 0.8 
t 0.8 
t 0.9 
t 0.8 
- 

50 CYCLES I 100 CYCLES 

t 1.3 t 2.0 
t 1.3 t 2.3 
t 1.8 + 1.9 
t 1.1 t 2.2 
- - 
- - 
- - 
- - 
- - 
- - 

t 1.0 t 2.5 
t 0.8 t 1.9 
t 0.9 t 2.5 
t 0.7 t 2.1 
- - 
- - 
- - 
- - 
- - 
- - 

t 1.4 t 2.2 
t 1.3 t 1.9 
t 1.4 t 2.1 
t 1.2 t 2.0 
- 
- - 
- -. 

~ C ~ ~ N ~ E ~ ~  DOUGLAS ASTRONAUTICS COMPANY - EAST 
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TABLE 5-2 (Continued) 

TYPICAL NDT COATING THICKNESS R-WE COATED COLUMBIU 

ALLOY/ 
COATING 

B-66/R-512E 

NDT DEVICE LOCATION 

4 
5 
6 
A 
B 
C 

DE RM I TR ON 

D 
THERMOELECTRIC 1 

6 
DERMITRON A 

B 
C 
D 

THERMOELECTRIC 1 
2 
3 
4 
5 
6 

* THICKNESS CONVERSIONS TO METERS 
1.0 MILS = 25 p rn 
2.0MlLS= 50pm 
3.0 MILS = 75 prn 

4.0 MILS = 100 prn 
5.0 MILS = 125 prn 
6.0 MILS = 150 prn 
7.0 MILS = 175 urn 

TENS1 L E SP EClM ENS 

7 
rHlCKNESS (MILS)* PRESSURE 

5 CYCLES - 
- 
.,- 

+ 0.8 
t 0.6 
+ 0.6 
t 0.5 - 
- 
- 
- 
- 
- 

t 0.8 
t 0.5 
+ 0.1 
+ 0.6 

EXTERNAL PRESSURE 

c - - 
I - - 
- - 

t 1.0 t 1.2 t 1.3 
+ 0.9 t 1.4 t 1.7 
+ 1.3 t 1.4 t 1.5 
+ 0.8 + 1.2 t 1.0 
- - - 

- - - 
- I - 
- - - 
- - - 
- - - 

+ 0.9 t 1.0 t 1.2 
t 0.1 t 0.9 + 1.1 
t 0.9 t 1.6 t 1.5 
+ 0.8 t 1.0 t 1.4 - - 

- - I 

- - - 
- - - 
- - - 
- - - 
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summary of t e n s i l e  tests performed is  shown i n  Table 5-1. The i n d i v i d u a l  r e s u l t s  

of a l l  mechanical p rope r ty  tests f o r  t h e  f i v e  a l l o y s  are p resen ted  i n  Appendix A. 

The va lues  r epor t ed  i n c l u d e  t e n s i l e  e l o n g a t i o n  over  a 1" (2.5 cm) span,  t e n s i l e  

u l t i m a t e ,  and t e n s i l e  y i e l d  ( c r o s s  head travel f o r  e l e v a t e d  temperature  t e s t s ) .  

T h e  F t u  and F ty  w e r e  c a l c u l a t e d  two ways - us ing  b e f o r e  c o a t i n g  dimensions (base- 

l i n e )  and dimensions of t h e  remaining m e t a l  ( e f f e c t i v e )  at t h e  t i m e  of the t e n s i l e  

test ,  determined from t h e  base  m e t a l  consumption in fo rma t ion  i n  F igu re  5-9. Base 

m e t a l  consumption was  deterrriined from c r o s s  s e c t i o n  photomicrographs of  two 

specimens from each exposure cond i t ion .  

assumed t o  be  the s a m e  on a l l  specimens of a given a l l o y  exposed t o  the same 

cond i t ions .  

Base metal consumption due t o  c o a t i n g  w a s  

A comparison of t h e  room temperature  and 2000°F (1100°C) b a r e  and coated 

mechanical p r o p e r t i e s  p r i o r  t o  f l i g h t  s imula t ion  exposure i s  shown i n  F i g u r e  5-10. 

The coated s t r e n g t h s  are based on m e t a l  remaining a f t e r  c o a t i n g  ( e f f e c t i v e ) .  

Coated F tu  and F ty  i n  most a l l  cases show an i n c r e a s e  over  t h e  bare s t r e n g t h .  The 

i n c r e a s e  i s  much more ev iden t  a t  2000°F (llOO°C) and can b e s t  be  explained by t h e  

f a c t  t h a t  t h e  c o a t i n g  i s  c a r r y i n g  some of t h e  load  being p u t  i n t o  t h e  t e n s i l e  

specimen. Load b e a r i n g  c r o s s  s e c t i o n  dimensions used f o r  stress c a l c u l a t i o n s  are 

based only on t h e  metal remaining. The most pronounced obse rva t ion  is t h e  l a r g e  

dec rease  i n  e longa t ion  due t o  c o a t i n g ,  p a r t i c u l a r l y  f o r  t h e  B-66 and WC-3015 a l l o y s .  

5.2.2 Cycling E f f e c t s  - A comparison of t h e  e f f e c t i v e  u l t i m a t e  s t r e n g t h s  and 

e l o n g a t i o n s  v e r s u s  number of r e e n t r y  exposure c y c l e s  of t h e  f i v e  columbium a l l o y s  

is presented i n  F igu re  5-11. The comparisons w e r e  made a t  4 d i f f e r e n t  temperatures:  

room temperature ,  1400'F (76OoC), 2000°F (1093°C) and 2600°F (1425OC). U l t i m a t e  

s t r e n g t h s  and e longa t ions  are shown f o r  t h e  fol lowing specimen c o n d i t i o n s ;  "as 

coated" (0 c y c l e s ) ,  50 c y c l e s ,  and 100 c y c l e s  of r e e n t r y  exposure,  which c o n s i s t e d  

of temperature  and external p r e s s u r e  p r o f i l e s  as shown i n  F igure  4-1. T h e  s t r e n g t h  

va lues  r epor t ed  are based on e f f e c t i v e  base  m e t a l  t h i c k n e s s e s .  There i s  no apparent  

s i g n i f i c a n t  e f f e c t  of cyc l ing  on t h e  u l t i m a t e  s t r e n g t h s  and e l o n g a t i o n s  of t h e  

columbium a l l o y s  wi th  t h e  excep t ion  of WC-3015 a l l o y  which showed s t r e n g t h  l o s s e s  

up t o  38% due t o  cyc l ing .  The FS-85 showed t h e  next  l a r g e s t  s t r e n g t h  l o s s e s  of 15 

and 18% bu t  on ly  a t  t h e  i n t e r m e d i a t e  temperatures  of 1400°F (760°C) and 2000°F 

(1100°C) , r e s p e c t i v e l y .  

The e l o n g a t i o n  d i d  no t  show much change due t o  c y c l i n g  from t h e  "as coated" 

cond i t ion .  
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A comparison of t h e  e f f e c t i v e  y i e l d  s t r e n g t h s  f o r  t h e  "as coated" and cycled 

a l l o y s  is shown i n  F i g u r e  5-12. The s a m e  t r e n d s  t h a t  w e r e  ev iden t  i n  comparing 

t h e  u l t i m a t e  s t r e n g t h s  are ev iden t  i n  the y i e l d  s t r e n g t h s .  

is  t h a t  thermal c y c l i n g  f o r  up t o  100 simulated s h u t t l e  reentries has  very l i t t l e  

effect  on t h e  mechanical p r o p e r t i e s  of R-512E coated Cb-752, FS-85, B-66 and C-129Y. 

The g e n e r a l  conclusion 

5.2.3 Coating Damage (Defect)  E f f e c t s  - Tensile specimens from each a l l o y  

w e r e  i n t e n t i o n a l l y  damaged as p rev ious ly  desc r ibed  and exposed t o  5 and 10 s imulated 

s h u t t l e  r e e n t r i e s  i n  t h e  e x t e r n a l  p r e s s u r e  environment and 50 s imulated r e e n t r i e s  

i n  t h e  i n t e r n a l  p r e s s u r e  environment. T e n s i l e  tests w e r e  t hen  conducted and a 

comparison of r e s u l t s  w i t h  undamaged specimens is  shown i n  F igu res  5-13, 5-14, 5-15, 

5-16 and 5-17. 

E f f e c t i v e  u l t i m a t e  s t r e n g t h  l o s s e s  at room temperature  f o r  t h e  Cb-752, WC-3015, 

FS-85, B-66 and 6-129Y de fec t ed  and exposed f o r  10  cycles e x t e r n a l  p r e s s u r e  w e r e  

42%, 52%, 44%, 50%, and 30%,  r e s p e c t i v e l y .  A t  1400°F (760°C) t h e  changes i n  

e f f e c t i v e  u l t i m a t e  s t r e n g t h  f o r  t h e  same o rde r  of a l l o y s  were +2.6%, -15.6%, -41.0%, 

-44.2%, and -24.8%. A t  2400°F (1300°C) changes i n  e f f e c t i v e  u l t i m a t e  s t r e n g t h s  

were -12.5%, -4.1%, -17.6%, -15.1% and - 9 . 3 % .  

The y i e l d  s t r e n g t h  l o s s e s  w e r e  i n  gene ra l  approximately one-half of t h e  

u l t i m a t e  s t r e n g t h  l o s s e s .  

The e longa t ion  p r o p e r t i e s  f o r  a l l  of t h e  a l l o y s  i n  t h e  damaged c o n d i t i o n  

a f t e r  10 r e e n t r y  c y c l e s  w e r e  almost t o t a l l y  destroyed a t  room temperature  and 

1400°F (760°C). A t  2400°F (130OOC) e longa t ion  p r o p e r t i e s  were f u l l y  r e s t o r e d .  A t  

room temperature ,  t h e  e longa t ions  were so  low t h a t  y i e l d  s t r e n g t h s  a t  .2% o f f s e t  

could no t  be determined except  f o r  t h e  Cb-752 and C-129Y a l l o y s  which s t i l l  showed 

e longa t ions  of less than 1%. The e f f e c t s  of l o c a l  c o a t i n g  removal and r e e n t r y  

exposure f o r  10 c y c l e s  on t e n s i l e  e longa t ion  are presented i n  F igu re  5-18. 

Coating damage specimens were exposed f o r  5 r e e n t r y  c y c l e s  ( e x t e r n a l  

p r e s s u r e )  and t e n s i l e  t e s t e d  a t  1400°F (760°C) and 2400°F (1300°C). Changes 

i n  s t r e n g t h  w e r e  very c l o s e  t o  t h e  s a m e  f o r  t h e  specimens which w e r e  exposed f o r  

10  c y c l e s ,  i n d i c a t i n g  t h a t  s t r e n g t h  d e t e r i o r a t i o n  i n  damaged specimens is  n o t  a 

l i n e a r  f u n c t i o n  w i t h  r e s p e c t  t o  t i m e .  Room temperature  s t r e n g t h s  however were 

always lower f o r  t h e  specimen which were exposed f o r  10  c y c l e s .  

Coating damage specimens areas were exposed t o  50 r e e n t r y  c y c l e s  ( i n t e r n a l  

p r e s s u r e )  and t e n s i l e  t e s t e d  a t  1400°F (760°C) and 2400°F (1300°C). Changes i n  

s t r e n g t h  and e l o n g a t i o n  w e r e  very s imilar  t o  t h o s e  f o r  t h e  specimens which were 
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exposed t o  1 0  r e e n t r y  c y c l e s  (external p r e s s u r e ) .  

oxygen a t  the lower i n t e r n a l  p r e s s u r e s  e v i d e n t l y  reduced t h e  rate of  s t r e n g t h  

d e t e r i o r a t i o n .  

The reduced a v a i l a b i l i t y  of 

Overall, Cb-752 and C-129Y tend t o  o f f e r  t h e  h i g h e s t  t o l e r a n c e  t o  c o a t i n g  

damage e f f e c t s .  The d i f f e r e n c e  between t h e  FS-85 and B-66 is s u b t l e .  

5.2.4 

The s e l e c t i o n  of t h e  t h r e e  b e s t  performing a l l o y s  w a s  made on t h e  b a s i s  of 

p r o p e r t i e s  such as: u l t i m a t e  t e n s i l e  and y i e l d  s t r e n g t h ,  t e n s i l e  e l o n g a t i o n ,  r e u s e  

and c o a t i n g  damage e f f e c t s .  The in fo rma t ion  concerning the e f f e c t s  of t h e s e  f a c t o r s  

is  summarized i n  Table  5-3. 

Summary - Alloy S e l e c t i o n  on t h e  Basis of S t r e n g t h  and Reuse P r o p e r t i e s  - 

The test d a t a  p re sen ted  i n  Table  5-3 show t h a t  t h e  Cb-752, FS-85 and C-129Y 

have o v e r a l l  p r o p e r t i e s  s u p e r i o r  t o  those  of t h e  WC-3015 and B-66 a l l o y s .  Although 

t h e  WC-3015 e x h i b i t e d  t h e  g r e a t e s t  room temperature  u l t i m a t e  s t r e n g t h ,  t h i s  

s t r e n g t h  w a s  more r a p i d l y  degraded wi th  i n c r e a s i n g  temperature ,  r e u s e  and coa t ing  

damage. 

The coated B-66 a l l o y  had approximately t h e  same t e n s i l e  s t r e n g t h  as Cb-752, 

FS-85 and C-l29Y, bu t  l i k e  t h e  WC-3015 a l l o y ,  t h e  B-66 a l l o y  e x h i b i t e d  a low room 

temperature t e n s i l e  e longa t ion  i n  t h e  "as coated" cond i t ion .  Th i s  i s  an i n d i c a t i o n  

of embri t t lement  as a r e s u l t  of d i f f u s i o n  r e a c t i o n s  a s s o c i a t e d  w i t h  t h e  R-512E 

coa t ing .  

The Cb-752, FS-85 and C-129Y a l l o y s  performed i n  a s i m i l a r  manner throughout 

t h e  t e s t i n g  series. However, i t  should be noted t h a t  t h e  Cb-752 a l l o y  specimens 

showed ox ida t ion  f a i l u r e s  a f t e r  50 and 100 r e e n t r y  exposures p r i o r  t o  t e n s i l e  t es t .  

Cb-752, FS-85, and C-129Y were s e l e c t e d  as t h e  t h r e e  a l l o y s  f o r  e v a l u a t i o n  on 

min ia tu re  h e a t  s h i e l d  pane l s  on t h e  b a s i s  of t h e i r  performances i n  mechanical 

p rope r ty  r euse  e v a l u a t i o n .  

t o  b r i t t l e  t r a n s i t i o n  temperature  and t h e  l a r g e  and erratic changes i n  p r o p e r t i e s  

under r euse  cond i t ions .  The B-66 w a s  n o t  s e l e c t e d  p r i m a r i l y  because of t h e  poore r  

performance i n  d e f e c t  s e n s i t i v i t y  tests and s e c o n d a r i l y  because of t h e  lack of 

a v a i l a b i l i t y  e 

The WC-3015 w a s  n o t  chosen because of i t s  h i g h  d u c t i l e  
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TABLE 5-3 

COMPARISON OF R-512E COATED COLUMBIUM ALLOYS ON THE BAS6 OF STRENGTH AND REUSE 

R.T. A L/L CHANGE DUE TO I COATING BARE ALLOY. 

I Ftu AND Fty (R.T.) I Ftu AND Fty (240O0F)(13OO0C) 

REUSE EFFECTS ON STRENGTH 
(50,100 CYCLES) 

REUSE EFFECTS ON OXIDATION 

Ftu AND Fty (R.T., DEFECTED) 

FAILED 

COMPARABLE COMPARABLE 

I 
COMPARABLE I COMPARABLE 

C-129Y I WC-3015 1 B-66 I 
- HIGH 1 Low 1 LOW I 

(EMBRITTLED) 

COMPARABLE HlGH COMPARABLE 

COMPARABLE COMPARABLE COMPARABLE 

HIGHER 
COMPARABLE REDUCTION COMPARABLE 

IN STRENGTH 

NONE NONE 
I 

NONE 
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6.0 CONSPECTUS OF COATING STUDY FOR COLUMBIUM ALLOYS C-129Y AND FS-85 

The o b j e c t  of t h i s  s tudy  w a s  t o  select a c o a t i n g  chemistry f o r  t h e  C-129Y and 

FS-85 a l l o y s  t h a t  would o f f e r  b e t t e r  p r o t e c t i o n  than  t h e  R-512E (Si-20Cr-20Fe) 

coa t ing .  The R-512E composition w a s  "optimized" f o r  D-43 and Cb-752 type  a l l o y s  

and might no t  p rov ide  equ iva len t  p r o t e c t i o n  t o  t h e  o t h e r  a l l o y s  which d i f f e r  

markedly i n  chemistry.  

Seven b a s i c  compositions (Si-20Cr-20Fe; Si-20Cr-5Ti; Si-4OCr-2OFe; Si-20Cr-1OMo; 

Si-20Cr-1OW; Si-20Ti-1OM; Si-ZOTi-3V) were formulated and a p p l i e d  t o  ba t ches  of 10  

of each al loy-coat ing combination by spraying.  The u n i t  weight of c o a t i n g  app l i ed  

w a s  ad jus t ed  t o  y i e l d  c o a t i n g s  having equ iva len t  s i l i c o n  con ten t s  of about 16.5 

mg/cm . 
a t  2580°F (142OOC). Two hundred t e n  specimens were processed.  

2 
A l l  samples were given a s t anda rd  fus ion -d i f fus ion  t r ea tmen t  f o r  one hour 

The Cb-752/Si-35Cr-20Fe system gave t h e  o v e r a l l  b e s t  performance based on t h e  

test c r i t e r i a  employed. 

Si-40Cr-20Fe system. 

t h e  b e s t  performing c o a t i n g  on C-129Y w a s  Si-35Cr-20Fe. 

Almost e q u i v a l e n t  r e s u l t s  were recorded f o r  t h e  Cb-752/ 

The b e s t  performing c o a t i n g  on FS-85 w a s  Si-40Cr-20Fe and 

The d e c i s i o n  w a s  made n o t  t o  change t o  t h e  35 o r  40 C r  con ten t  c o a t i n g s  f o r  

t h e  remainder of t h e  program because t h e  improvement i n  l i f e  w a s  n o t  considered 

s i g n i f i c a n t  enough t o  warrant  a change. Details of t h e  tes t  procedure and test 

r e s u l t s  (ox ida t ion  and metallography) are given i n  Volume 11. 
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7.0 CONSPECTUS OF SELECTION OF OPTIMUM COLUMBIUM ALLOY FOR REUSABLE HEAT SHIELD 

APPLICATIONS 

The effects of multiple cycle reuse on coating emittance, coating chemistry 

and structure, and heat shield panel structural integrity were investigated to 

provide a broader performance base for optimum alloy selection. 

A new technique for making total normal emittance measurements on sheet 

material without using a thermocouple attachment was developed. 
emittance due to reuse up to 100 simulated reentries were determined. The effect 

of reuse on emittance of all five alloy/coating systems was small. Most alloy/ 

coating systems showed an initial drop in emittance of about 5% up to the first 

15 to 20 cycles, then a gradual increase until all of the loss had been recovered 
by 100 cycles. The 

FS-85/R-512E system showed the largest increase in emittance from one cycle to 

100 cycles. 

Changes in 

Differences in emittance between alloys were very subtle. 

Coating chemistry and changes in chemistry, both surface and body, were 

examined utilizing x-ray diffraction, x-ray fluorescence, and electron microprobe 

techniques. The specimens used for the examinations performed under this effort 

of the program were portions of the tensile specimens which were used for deter- 
mining the effects of reuse on mechanical properties. 

used was the area between the loading hole and the reduced cross section. 

mens, their reentry cycle history, and the analytical tests that were performed on 

each, are shown in the Table 7-1, Test Matrix. 

to have the most stable coating structure with respect to reentry cycling. 

The portion of the specimens 

Speci- 

The R-512E coated FS-85 appeared 

The emittance and coating chemistry studies were used in conjunction with the 

mechanical property data from Section 5.0 to select Cb-752, FS-85, and C-129Y as 

the alloys to be used in heat shield structural integrity studies. 

The miniature 1" x 4" (2.5 cm x 10 cm) panel specimen selected (Figure 7-34) 
w a s  one employed in past coating evaluations (Reference 2) which fit into an 

existing test facility. 

The panels were coated with the R-512E coating by HiTemCo and subjected to 

temperature-pressure-stress profile conditions typical of those for a Space 

Shuttle reentry (see Figure 4-1). Temperature and pressure conditions were 

provided by a resistance heated tube furnace while stress on the panels was 

provided simultaneously from a scissors-type loading fixture. 
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The f o u r  p o i n t  l oad ing  f i x t u r e  w a s  f a b r i c a t e d  from FS-85 columbium alloy and 

p r o t e c t e d  w i t h  t h e  R-512E coa t ing .  

d i s t r i b u t i o n  i t  produced are shown i n  F i g u r e  7-1. 

The load ing  f i x t u r e  and t h e  bending moment 

Miniature  r i b  s t i f f e n e d  h e a t  s h i e l d  pane l s  of t h e  t h r e e  a l l o y s  were sub jec t ed  

t o  temperature ,  pi 'essure,  and stress p r o f i l e  t e s t i n g  t o  determine coa t ing  r e u s z b i l i * y ,  

and s t r u c t u r a l  performance The pane i s  w e r e  sub jec t ed  t o  temperature-pressure- 

stress p r o f i l e  cond i t ions  t v p i c a l  of t hose  f o r  a Space S h u t t l e  r e e n t r y .  A t o t a l  of 

1200 r e e n t r y  c y c l e s  w a s  performed. Seven panels  w e r e  exposed f o r  100 c y c l e s  each. 

Three of t h e  seven 100 cyc le  pane l s  w e r e  exposed i n  t h e  i n t e r n a l  p r e s s u r e  environ- 

ment. The t e s t i n g  on f i v e  pane l s  w a s  terminated p r i o r  t o  reaching 100 c y c l e s  due 

t o  equipment malfunct ions and o p e r a t o r  problems. The t w o  remaining p a n e l s ,  which 

were t h e  C-129Y a l l o y ,  f a i l e d  s t r u c t u r a l l y  a f t e r  87 c y c l e s  each i n  t h e  e x t e r n a l  

p re s su re  environment. The s t r u c t u r a l  f a i l u r e s  w e r e  brought about by c o a t i n g  

f a i l u r e s  on t h e  r i b s .  

explained by a very t h i n  coa t ing  on the  r i b  edges. However, t h e  c c a t i n g  f a i l u r e s  

on t h e  C-129Y p a n e l s  d i d  demonstrate t h a t  t he  occurrence of a coa t ing  f a i l u r e  does 

n o t  mean immediate c a t a s t r o p h i c  s t r u c t u r a l  f a i l u r e .  Tn t h i s  p a r t i c u l a r  case t h e  

coa t ing  f a i l u r e s  occurred i n  t h e  most h i g h l y  t e n s i o n  s t r e s s e d  area; a minimu3 of 

50 r e e n t r y  c y c l e s ,  a f t e r  n o t i c e a b l e  o x i d a t i o n ,  w a s  r equ i r ed  b e f o r e  s t r u c t u r a l  

Ln te t r r i t y  w a s  a f f e c t e d .  

The r eason  f o r  t h e  coa t ing  f a i l u r e s  on t h e  C-129Y pane l s  i s  

T A B L E 7 - 1  
TEST MATRIX FOR CHEMISTRY AYD STRUCTURE STUDIES 

COMPOSITION 
SPECIMEN CYCLES 1 No* OF I (NOMINAL) 

c-62 0 5 Zr, 10 W, BAL. Nb 
C-27 50 5 Zr, 10 W, BAL. Nb 
C-89 100 5 Zr, 10 W, BAL. Nb 

F-70 0 11W, 28 Ta,lZr,BAL.Nb 
F-77 50 11W, 28 Ta,lZr,BAL.Nb 
F-84 100 11W, 28 Ta,lZr,BAL.Nb 

Y -43 0 lOW,lOHf,O.lY ,BAL.Nb 
Y -12 50 lOW,lOHf,O.lY ,BAL.Nb 
Y-18 100 I lOW,lOHf,O.lY,BAL.Nb 
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Based on t h e  r e s u l t s  of r e u s e  t e s t i n g  of t h e  m i n i a t u r e  h e a t  s h i e l d  p a n e l s ,  

t h e r e  w a s  n o t  a c l e a r  c u t  choice  of t h e  b e s t  a l l o y  f o r  r e e n t r y  h e a t  s h i e l d  pane ls .  

The r e s u l t s  of a l l  sc reen ing  tests performed were reviewed and t h e  FS-85 a l l o y  w a s  

s e l e c t e d  f o r  t h e  c o a t i n g / a l l o y  e v a l u a t i o n s  t o  be performed i n  t h e  remainder of t h e  

program. 

NOTE: 
0.05" = 0.075 cm 
0.02" = 0.5 cm 

E 6  WELD (TYP) 

0.25" = 0.63 cm 
0.75" = 1.9 cm 
0.85" = 2.2 cm 
1.00" = 2.5 cm 

NOTES: 
(1) PANEL SKIN 0.008" (0.02 cm) AFTER COATING 
(2) PANEL RIBS 0.016" (0.04 cm) AFTER COATING 
(3) A L L  DIMENSIONS ARE IN INCHES. 

457-1154 

0.05 R TYP 

FIGURE 7-1 
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457-1 1 5 5  Four Point Loading Fixture 

DISTANCE ALONG PANEL 

ending Moment 
457-1  156 

FIGURE 7-2 
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8.0 CONSPECTUS OF COATING PROCESS OPTIMIZATION AND SCALE-UP STUDIES FOR R I B  

STIFFENED HEAT SHIELD PANELS 

8.1 Process  Development - The o b j e c t i v e  of t h i s  s t u d y  w a s  t o  opt imize c o a t i n g  

s l u r r i e s ,  u s ing  a l acque r  and a n  a c r y l i c  based v e h i c l e ,  s o  t h a t  f u l l  s i z e  20" x 20" 

(50 c m  x 50 cm) h e a t  s h i e l d  pane l s  could be  coated uniformly and reproducibly.  The 

same b a s i c  R-512E, Si-20Cr-20Fe, metal powder composition w a s  used throughout t h e  

program. Various a d d i t i v e s  w e r e  made t o  t h e  s l u r r i e s  t o  g i v e  them t h i x o t r o p i c  

p r o p e r t i e s ,  p r i m a r i l y  t o  promote suspension of t h e  m e t a l  p a r t i c l e s  and a l s o  t o  

prevent  caking when s e t t l i n g  occurs  a f t e r  long p e r i o d s  of nonuse. 

and t h e  sou rces  of supply are l i s t e d  i n  Table  8-1. 

Materials used 

The L-18 n i t r o c e l l u l o s e  l acque r  has  been used as t h e  b a s i c  v e h i c l e  f o r  t h e  

R-512E s l u r r y  coa t ing  system s i n c e  its i n c e p t i o n ;  i t  w a s  adopted because i t  is  a 

low r e s i d u e  material w i t h  good "green" s t r e n g t h  and it has  a h i s t o r y  of p r a c t i c a l  

u se  i n  glass-to-metal  seals and o t h e r  a p p l i c a t i o n s  a t  HiTemCo. 

During a previous scale-up program (Reference 3) w i t h  Sn-A1 s l u r r y  c o a t i n g s  

f o r  tantalum a l l o y s  and e a r l y  work w i t h  t h e  R512 system c o a t i n g s  "in-house," c e r t a i n  

q u a l i t a t i v e  r e l a t i o n s h i p s  were e s t a b l i s h e d  between s l u r r y  p r o p e r t i e s  and c o a t i n g  

d e p o s i t i o n  rate and un i fo rmi ty .  I n  dip-coat ing,  s l u r r y  v i s c o s i t y  and withdrawal 

rates were found p r o p o r t i o n a l  t o  c o a t i n g  th i ckness .  V i s c o s i t y  could be  inc reased  

by t h i x o t r o p i c  a d d i t i v e s  o r  by inc reased  metal powder r a t i o s  and decreased by 

i n c r e a s i n g  ambient temperatures .  

TABLE 8-1 

MATER~ALS USED FOR SLURRY PREPARATION 

MATERIAL IDENTIFICATION 1 SUPPLIER 
1. L-18 LACQUER I RAFFE AND SWANSON 
2. B-66 ACRYLIC ROHN AND HAAS 
3. MPA 60 BAKER CHEMICAL CO. 
4. THIXATROL ST BAKER CHEMICAL CO 
5. HIGH FLASH NAPHTHA (HFN) HOGAN CHEMICAL 
6. LACQUER THINNER (LT) HOGAN CHEMICAL 
7. XYLENE HOGAN CHEMICAL 
8. SILICON POWDER (-325) UNION CARBIDE 
9. CHROMIUM POWDER (ELCHROME) UNION CARBIDE 

GLIDDEN COMPANY 10. IRON POWDER (K291) 
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It w a s  found i n  g e n e r a l  t h a t  withdrawal rates of approximately 1.0-6.0 in/min 

(0.40-2.4 m/sec) w e r e  most p r a c t i c a l .  

d r a s t i c a l l y  decreased t h e  s t a b i l i z i n g  e f f e c t  on t h i x o t r o p i c  a d d i t i v e s .  

t h e s e  f i n d i n g s  and experience w e r e  used as a guide i n  t h e  p r e s e n t  program. 

Also,  t h a t  temperatures  above 80°F (27OC) 

Accordingly,  

Tables  8-2 and 8-3 l ist  the s l u r r y  compositions screened and some of t h e  

t y p i c a l  d ipp ing  d a t a  obtained.  A l toge the r  32 s l u r r i e s  w e r e  i n v e s t i g a t e d .  The 

r e s u l t s  were eva lua ted  on t h e  basis of d ipp ing  and d ry ing  rates, c o a t i n g  t h i c k n e s s ,  

c o a t i n g  uniformity top  t o  bottom, s t r e a k i n g ,  sagging,  and edge p u l l  back. 

S i x  compositions s e l e c t e d  from bo th  systems w e r e  prepared t o  a l low c o a t i n g  

of 2" x 20" (5 c m  x 50 cm) s t r i p s  p r i o r  t o  s e l e c t i o n  of t h e  s l u r r i e s  f o r  f u l l  

s i z e  scale-up. 

The C-5 n i t r o c e l l u l o s e  based s l u r r y  and A-22 a c r y l i c  based s l u r r y  w e r e  

s e l e c t e d  f o r  f u r t h e r  s tudy  and l a r g e  b a t c h e s  w e r e  prepared f o r  s tudy  on 20" x 

20" (50 x 50 cm) specimens. 

Concurrent w i t h  t h i s  s tudy ,  ano the r  s tudy  w a s  made t o  determine t h e  l a t i t u d e  

i n  t h e  f u s i o n  fu rnace  c y c l e  and t h e  a d d i t i v e  e f f e c t s  on t h e  o x i d a t i o n  p r o t e c t i o n  

of t h e  coa t ings .  

Th i s  s tudy  i s  summarized now. I n  g e n e r a l ,  l onge r  p rocess ing  t i m e s  a t  tempera- 

t u r e  gave decreased p r o t e c t i o n .  Pa radox ica l ly  t h e r e  a l s o  appears  some tendency 

toward inc reased  l i f e  w i t h  h i g h e r  p rocess ing  temperature .  However, t h e r e  are 

probably several competing systems a t  work. On t h e  n e g a t i v e  s i d e  are t h e  c o a t i n g  

weight l o s s e s  which i n c r e a s e  w i t h  t i m e  and temperature .  

probably high i n  chromium and i r o n .  S t r u c t u r a l l y ,  t h i s  i n c r e a s e s  t h e  amount of 

CbSi a t  t h e  outermost s u r f a c e .  On t h e  p o s i t i v e  s i d e ,  t h e  c o a t i n g  d i f f u s i o n  zone 

grows w i t h  t i m e  and temperature  which probably improves r e l i a b i l i t y  by g iv ing  

more p r o t e c t i o n  a t  c rack  r o o t s  i n  t h i n  c o a t i n g  areas. The i n t e r p r e t a t i o n  and 

c o r r e l a t i o n  of t h e  q u a n t i t a t i v e  r e s u l t s  ob ta ined  from op t imiz ing  t h e  c o a t i n g  

f u s i o n  cyc le  w a s  n o t  deemed as important  as development of an improved and 

c o n s i s t e n t  edge c o a t i n g  technique.  I f  any th ing ,  t h i s  work i l l u s t r a t e d  that 

f a i r l y  e f f e c t i v e  p r o t e c t i o n  could be  ob ta ined  over  a broad range of p rocess ing  

t i m e  and temperature.  Accordingly,  f o r  t h e  ba l ance  of  t h e  program, no at tempt  

w a s  made t o  change t h e  f u s i o n  c y c l e ,  p a r t i c u l a r l y  s i n c e  a cons ide rab le  d a t a  

base  had been ob ta ined  i n  t h e  i n d u s t r y  f o r  t h e  s t a n d a r d  c y c l e .  

The l o s t  material i s  

2 

The p o s s i b l e  e f f e c t s  on c o a t i n g  s t r u c t u r e  and performance caused by t h e  u s e  

of t h e  v a r i o u s  b i n d e r s  and t h i x o t r o p i c  a d d i t i v e s  w e r e  i n v e s t i g a t e d  by c o a t i n g  and 

e v a l u a t i n g  Cb-752 specimens. The c o a t i n g  s t r u c t u r e s  ob ta ined ,  f a i l e d  t o  show any 
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TABLE 8-2 

Y LIC sc 
A. VEHICLE IS HFN PLUS 8 V i 0  B-66 ACRYLIC 

I___ 

MPA 
WT 
(g) 

20 
20 
0 

10 
10 
10 
10 
16 
16 
16 

- 

~ 

THIXATROL 
WT. 
(g) 

A-1 
A-2 
A-3 
A-4 
A-5 
A-6 
A-7 
A-8 
A -9 
A-1 0 

200 
400 
200 
200 
200 
200 
30 0 
200 
200 
200 

0 
0 
0 
0 
0 
5 
5 
0.25 
0.75 
0.75 

500 
600 
500 
50 0 
600 
600 
600 
500 
500 
5 50 

80 (27) 
85 (29) 
78 (26) 
76 (24) 
80 (27) 
78 (26) 
74 (23) 
78 (26) 
74 (23) 
74 (23) 

I 

3V"O B-66 ACRYLIC B. VEHICLE IS HFN t LACOUI THINNER, 
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0 
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74 (23) 
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22 
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24 
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23 (2 3) 
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C. VEHICLE IS XYLENE + 8 V/O B-66 ACRYLIC 
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s i g n i f i c a n t  d i f f e r e n c e s  a t t r i b u t a b l e  t o  t h e  v a r i o u s  b i n d e r s  o r  a d d i t i v e s .  The 

effects  of t h e s e  b i n d e r s  and a d d i t i v e s  on o x i d a t i o n  l i f e  i n  t h e  a c c e l e r a t e d  a i r  

slow c y c l i c  test ,  were a l s o  s t u d i e d .  

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

a n t i c i p a t e d  because t h e  b i n d e r s  and a d d i t i v e s  are r epor t ed  t o  be  r e s idue - f r ee  and 

t o  decompose e a r l y  i n  t h e  d i f f u s i o n  cyc le .  It appeared f e a s i b l e ,  t h e r e f o r e ,  t o  

u se  t h e s e  b inde r s  as a d d i t i v e s  i n  p r e p a r a t i o n  of s l u r r i e s  f o r  t h e  l a r g e  scale pane l s .  

The r e s u l t s  f a i l e d  t o  show any s i g n i f i c a n t  

AMT OF 
VEHICLE SLURRY 

NO. 

TABLE 8-3 
NITROCELLULOSE (L-18) LACQU EFI SLURRIES 

MPA THIXOTROL POWDER 
WT WT R512 

WT (g) 

16 0.25 500 
16 0.75 500 
16 0.75 600 
16 0 600 
16 1 .o 600 

D'PPING VISCOSITY AMBl AN T 
CP x l o 2  TEMP, OF SPEED 
(Nsec h2) (oc) wMIN (mm/sec) 

COATING 
WT. mdcm2 

15 (1.5) 79 (26) 4 (1.6) 18.5 
13 (1.3) 73 (23) 6 (2.4) 16.5 
20 (2.0) 75 (24) 0.75 (0.3) 18 
18 (1.8) 74 (21) 2 (0.8) 20.1 
21 (2.1) 73 (23) 2 (0.8) 21.1 

A s  i n d i c a t e d  above, t h e  C-5 n i t r o c e l l u l o s e  l acque r  and A-22 - a c r y l i c  based 

s l u r r i e s  were s e l e c t e d  f o r  scale-up eva lua t ion .  Seve ra l  s teel  d ipp ing  t anks  

3" (7 .5  cm) wide x 23" (58 cm) long x 27" (69 cm) high were cons t ruc t ed  and used 

f o r  t h e s e  t r i a l s  and e v e n t u a l l y  €o r  f u l l  scale panel  dipping.  Shee t s  of s t a i n l e s s  

s tee l  0.018" x 20" x 20" (0.5 cm x 50 c m  x 50 cm) w e r e  used as pane l  mockups t o  

check t h e  un i fo rmi ty  of t h e  coa t ing  t h i c k n e s s  and s l u r r y  chemistry.  
3 

A l a r g e  ba t ch  (20 g a l .  (0.076 m ) )  of C-5 n i t r o c e l l u l o s e  base s l u r r y  w a s  

made up; i t  performed s i m i l a r l y  t o  p rev ious  smaller ba t ches  a f te r  a minor v i s c o s i t y  

adjustment w a s  made. F igu re  8-1 shows t h e  coa t ing  un i fo rmi ty  obtained on one of 

t h e  20" x 20" (50 c m  x 50 cm) panels .  

and t h e  Dermitron showed a th i ckness  v a r i a t i o n  of 18 t o  22 mg/cm . This  converts  

t o  a green c o a t i n g  t h i c k n e s s  of 5 .5  m i l s  (140 pm) wi th  a range of 5.0 t o  6.0 m i l s  

(127 t o  152 p n ) .  A f t e r  f u s i o n ,  t h e  f i n i s h e d  coa t ing  i s  approximately one-half t h e  

green coa t ing  th i ckness .  

2 
The average c o a t i n g  t h i c k n e s s  w a s  20.5 mg/cm 

2 

These va lues  w e r e  w e l l  w i t h i n  t h e  program g o a l s .  

Evaluat ion of t h e  l a r g e  ba t ch  of a c r y l i c  based s l u r r y  A-22 i n d i c a t e d  t h a t  t h e r e  

w e r e  problems wi th  s e t t l i n g  and aging. I n  o r d e r  t o  o b t a i n  uniform c o a t i n g s ,  i t  i s  

necessary f o r  t h e  v i s c o s i t y  of t h e  s l u r r y  a t  t h e  s u r f a c e  of t h e  b a t c h  t o  be  cons t an t  

f o r  t h e  tine requ i r ed  t o  coa t  t h e  hardware. The v i s c o s i t y  of t h e  A-22 s l u r r y  w a s  
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* COATING UNlF 
INDICATED IN 

'ORMITY IS 
rng/cm2 

COATING UNIFORMITY STUDIES ON 20" x 20" (50 CM x 50 CM) FLAT PANEL MOCKUP 
FIGURE 8-1 

determined j u s t  below t h e  s u r f a c e  of t h e  b a t c h  and compared t o  similar d a t a  on t h e  

C-5 s l u r r y .  

shows a cons t an t  v i s c o s i t y  whereas t h e  A-22 s l u r r y  shows a cons ide rab le  dec rease  

The r e s u l t s  of t h i s  test are shown i n  Figure 8-2. The C-5 s l u r r y  

w i t h  t i m e .  

v i s c o s i t y  c o n t r o l  a d d i t i v e s  employed. 

s t u d i e s  on t h e  A-22 s l u r r y  were suspended and op t imiza t ion  s t u d i e s  w e r e  cont inued 

w i t h  t h e  6-5 s l u r r y .  

Th i s  change i n  v i s c o s i t y  i n d i c a t e s  t h e  l a c k  o f ' e f f e c t i v e n e s s  of t h e  

I n  o r d e r  t o  avoid major program de lays ,  

The p o s s i b l e  v a r i a t i o n s  i n  c o a t i n g  chemistry ob ta ined  i n  t h i s  p rocess  a t  t h e  

s l u r r y  s t a g e ,  w e r e  determined by c o a t i n g  a 20" x 20" (50 c m  x 50 cm) f l a t  s t a i n l e s s  

mockup i n  t h e  C-5 s l u r r y .  

(5  cm) squa re  areas i n  n i n e  l o c a t i o n s  on t h e  panel .  

w a s  analyzed f o r  C r  and Fe by x-ray f luo rescence  t echn iques ,  t h e  r e s u l t s  of which 

are shown i n  F igu re  8-3. 

The green c o a t i n g  w a s  t hen  s e l e c t i v e l y  removed from 2" 

The c o a t i n g  powder ob ta ined  

S i l i c o n  c o n t e n t s  were determined by d i f f e r e n c e .  
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E F F E C T  OF SETTLING ON VIS 1 BELOW SURFACE FOR 
ACRYLIC BASE (A22) AN LOSE BASE (C5) SLURRIES 

(50 cm) 
L 20 IN. ?a 

Fe 19.5 
Cr 21.0 
Si 59.5 

Cr 20.4 
Si 60.4 

Cr 19.6 
Si 60.6 

Cr 20.5 
Si 59.5 

Cr 22.0 
Si 58.6 

Si 59.3 

Fe 19.8 
Cr 19.5 
Si 60.7 

Cr 20.0 
Si 61.0 

FIGURE 8 -2  

20 IN. (50 cm) 

COATING COMPOSITION UNIFORMITY F . X 20 IN. (50 CM X 50 CM) 

FIGURE 8-3 
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The e f f e c t s  of geometry w e r e  i n v e s t i g a t e d  by dip-coat ing a 20" x 20" (50 c m  x 

50 cm) e l e c t r o n  beam welded r i b  s t i f f e n e d  s t a i n l e s s  steel panel  i n  t h e  s a m e  ba t ch  

of s l u r r y  used f o r  t h e  20" x 20" (50 c m  x 50 cm) s h e e t .  
2 2 average weight of 20.8 mg/cm The average green 

coa t ing  th i ckness  was  5.6 m i l s  (142 urn). The f r o n t  o r  s k i n  s i d e  of t h e  pane l  had 

an average coa t ing  th i ckness  of 5 .3  m i l s  (135 um), whi le  t h e  back s i d e  of t h e  s k i n  

between t h e  r i b s  w a s  5.7 m i l s  (145 urn) , and t h e  r i b s  were 5.7 m i l s  (145 um) Green 

coa t ing  th i ckness  d i s t r i b u t i o n s  on t h e  pane l  are shown i n  F igu re  8-4. 

un i formi ty  (excluding edge coverage) w a s  considered e x c e l l e n t  f o r  d ipping  and, i n  

a fused s ta te ,  would g i v e  a coa t ing  w i t h  a p l u s  o r  minus v a r i a t i o n  i n  th i ckness  of 

0 .3  m i l  (7.6 um). 

The panel  picked up an 

( t h e  range w a s  19 t o  22 mg/cm ). 

The coa t ing  

8 . 2  

p r i o r  t o  t h i s  program included t h e  a p p l i c a t i o n  of a d d i t i o n a l  coa t ing  t o  t h e  edges 

of specimens by spraying  wi th  an a i r  brush.  

w a s  obtained on specimens supp l i ed  f o r  e v a l u a t i o n  programs by t h i s  coa t ing  method, 

i t  is  a manual process  and s u b j e c t  t o  ope ra to r  e r r o r .  It appeared d e s i r a b l e  

t h e r e f o r e  t o  develop methods f o r  improving s l u r r y  a p p l i c a t i o n  a t  edges.  

Edge Coverage and Coating Reproduc ib i l i t y  - The normal coa t ing  procedure 

Although e x c e l l e n t  r e p r o d u c i b i l i t y  

Double cyc le  coa t ing  a p p l i c a t i o n  w a s  i n v e s t i g a t e d  f i r s t  i n  an e f f o r t  t o  

improve t h e  edge coverage. 

of two separate d i p  and f i r e  cyc le s .  

The f i r s t  p rocess ing  sequence i n v e s t i g a t e d  cons i s t ed  

The second process ing  sequence cons i s t ed  of 2 green s l u r r y  c o a t s  followed by 

a s i n g l e  d i f f u s i o n  t r ea tmen t .  

n i t r o c e l l u l o s e  based l acque r  (13 mg/cm );  and, a f t e r  thorough dry ing ,  a d d i t i o n a l  

coa t ing  (9 mg/cm ) w a s  appl ied  by d ipping  i n  an a c r y l i c  based s l u r r y .  

samples  f a i l e d  t o  show any s i g n i f i c a n t  improvement over  e i t h e r  s i n g l e  cyc le  o r  

t h e  double d i f f u s i o n  coa t ings  p rev ious ly  descr ibed .  

The f i r s t  cyc le  d i p  w a s  app l i ed  from t h e  C-5 
2 

2 These 

Eventual ly  a method f o r  applying a bead of s l u r r y  d i r e c t l y  t o  t h e  edge w a s  

developed. A minia ture  p a i n t  s t r i p i n g  t o o l  w a s  obtained as shown i n  F igure  8-5, 

and found t o  be adequate f o r  applying t h e  bead of s l u r r y  t o  t h e  edge. 

Cb-752 w e r e  then  d ip  coated and eva lua ted  by NDT ( the rmoe lec t r i c )  and by slow c y c l e  

Samples of 

ox ida t ion  t e s t i n g  a t  one atmosphere i n  t h e  as-dipped, oversprayed,  and beaded-edge 

cond i t ions .  The r e s u l t s  of t h e s e  tests are shown i n  Table  8-4.Bead coa t ing  of edges 

g r e a t l y  reduces  t h e  problem of premature coa t ing  f a i l u r e  a t  edges which w a s  one of 

t h e  major l i m i t a t i o n s  t o  long l i f e .  

8 .3  Process  V e r i f i c a t i o n  - Rib s t i f f e n e d  pane l s ,  3 by 12" (7.5 x 30 cm) w e r e  

r equ i r ed  t o  v e r i f y  e f f e c t i v e n e s s  and r e p r o d u c i b i l i t y  of t h e  opt imized coa t ing .  
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Ribs 

COATING UNIFORMITY STUDY ON 20 IN. x 20 I 1 RIB STIFFENED MOCKUP 
Slurry Thickness i 

FIGURE 8-4 
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The design is representative of a full-size rib stiffened panel in all respects 

except the overall dimensions, which were selected to fit into a load fixture 

used in conjunction with a 7" (18 cm) diameter tube furnace. 

SLURRY BEAD APPLIED TO EDGE AFTER DIP COATING 
FIGURE 8-5 

TABLE 0-4 

EFFECT OF EDGE COATING METHOD ON PERFORMANCE OF R-512E COATING 

SLOW CY CLlC 
OXIDATION L I F E  

AS DIPPED AND OVERSPRAY ED 20-50 CYCLES 
75-150 CYCLES AS DIPPED AND SLURRY BEADED 

Five subsize heat shield panels were subjected to simultaneous simulation of 

temperature, pressure, and stress profiles and acoustic exposures representative 
of a Space Shuttle reentry flight. 

The temperature, pressure and stress conditions are those that were presented 

in Section 4.0, Figure 4-2, for subsize panel testing. 
cycles were conducted; three panels were exposed for 100 cycles each. 

elastic deflection measurements were made prior to and during testing. 

A total of 412 reentry 

Creep and 

Results of creep and elastic deflection measurements are shown in Table 8-5. 
Creep deflections are expressed in average deflecrion rate (mils/cycle and um/cycle) 
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for each group of cycles conducted per panel and in cumulative average deflection 

rate (mils/cycle and pm/cycle) for each group of cycles conducted per panel. 
Elastic deflection measurements are shown in inches and centimeters measured at the 
center of an 11" (28 cm) span. 

TABLE 8-5 

DEFLECTION ~ E A S U R € M E N T S  FOR SUB-SIZE RIB STIFFENED P 

CYCLE 
NO. PRESSURE 

EXTERNAL 0 
14 
28 
41 
57 
70 
86 
100 

EXTERNAL 0 
13 
28 
40 
56 
70 
86 
100 

EXTERNAL 0 
15 
30 

0.33 (8.4) 0.76 (19.3) 
1 1 0.091 (0.230) 

0.73 (18.5) 0.73 (18.5) 0.076 (0.193) 
0.60 (15.2) 0.66 (16.8) 0.075 (0.190) 
0.00 (0) 0.43 (11) 0.075 (0.190) 
0.33 (8.4) 0.42 (10.7) 0.076 (0.193) 
0.50 (12.7) 0.43 (11) 

0.092 (0.234) 

The reuse evaluation testing was also designed to determine structural 

performance under service conditions which would be expected on Space Shuttle 
vehicles for 100 flights. From this aspect the coating and panel were treated as 

an integral unit. The failure criterion was structural life. There were no 

structural failures due to the application of flight loads; the structural failures 
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w e r e  induced by a c o u s t i c  exposure. However, a c o u s t i c  environment s imula t ion  w a s  

designed t o  produce f a t i g u e  f a i l u r e s  i n  100 f l i g h t s .  

i n  Sec t ion  1 .0 ,  Volume 11. In a c t u a l  p r a c t i c e ,  h e a t  s h i e l d  panel  des ign  f a c t o r s  

would i n c l u d e  allowances f o r  f a t i g u e  l i f e  i n  o rde r  t o  o b t a i n  r e l i a b l e  s t r u c t u r a l  

performance f o r  100 f l i g h t s .  

Two f u l l  s i z e  20" x 20" (50 c m  x 50 cm) r i b  s t i f f e n e d  h e a t  s h i e l d  p a n e l s  w e r e  

Reasons f o r  t h i s  are explained 

f a b r i c a t e d  from FS-85 a l l o y  s h e e t .  Material gages, r i b  spac ing  and h e i g h t  w e r e  the 

same as t h o s e  u t i l i z e d  on t h e  s u b s i z e  pane l s .  F a b r i c a t i o n  procedures  were a l s o  

i d e n t i c a l ,  except  t h a t  t h e  f u l l  s i z e  p a n e l s  were s u b j e c t e d  t o  a c reep  f l a t t e n i n g  

procedure t o  remove t h e  s k i n  d i s t o r t i o n  between t h e  welds.  The u n d e s i r a b l e  s k i n  

d i s t o r t i o n  w a s  caused by sh r inkage  of t h e  e l e c t r o n  beam f u s i o n  weld which j o i n e d  

t h e  r i b s  t o  t h e  s k i n .  The  c reep  f l a t t e n i n g  w a s  s u c c e s s f u l l y  performed us ing  

machined molybdenum t o o l i n g  and a vacuum h e a t  cyc le  of one hour (36 h sec )  a t  

2700OF ( 1 4 8 O O C ) .  

The 20" x 20" (50 cm x 50 cm) r i b  s t i f f e n e d  p a n e l s  were coated by t h e  p rocess  

developed on t h i s  program, and a s i g n i f i c a n t  improvement i n  c o a t i n g  un i fo rmi ty ,  

edge coverage and s l u r r y  s t a b i l i t y  were demonstrated. The p rocess  s p e c i f i c a t i o n  

f o r  a p p l i c a t i o n  of t h e  R-512E c o a t i n g  t o  r i b  s t i f f e n e d  pane l s  u s ing  t h e  C-5 s l u r r y  

and t h e  d e t a i l s  of t h i s  s tudy  are p resen ted  i n  Volume 11. 

p a n e l s  are shown i n  F igu re  8-6 w i t h  a closeup view i n  F igu re  8-7. 

The f u l l  s i z e  coated 
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9.0 CONSPECTUS OF COATING PROCESS OPTIMIZATION AND SCALE-UP STUDIES FOR CORRUGA- 

T I O N  STIFFENED HEAT SHIELD PANELS 

9 .1  Process  Development - The use  of co r ruga t ion  s t i f f e n i n g  of s t r u c t u r a l  

s k i n s  t o  improve e f f i c i e n c y  has  been a popular  des ign  f o r  some t i m e .  

ware programs u t i l i z i n g  r e f r a c t o r y  metals have used co r ruga t ion  s t i f f e n i n g  almost 

exc lus ive ly  f o r  hea t  s h i e l d i n g .  

as t h e  i n i t i a l  con f igu ra t ion  f o r  t h i s  program because i t  o f f e r e d  inc reased  

i n s p e c t a b i l i t y  which is  considered important  i n  100 mul t imiss ion  reuse.  However, 

t h e  s t r e n g t h  t o  weight e f f i c i e n c y  of t h e  co r ruga t ion  des ign  cannot b e  overlooked 

because of t h e  important  r o l e  t h a t  weight p l ays  i n  space v e h i c l e  systems. The 

co r ruga t ion  des ign  w i l l  undoubtedly be u t i l i z e d  i n  f u t u r e  columbium hardware 

systems,  and because of t h i s  i t  w a s  considered important  t o  opt imize  and scale-up 

t h e  fused s l u r r y  coa t ing  process  f o r  co r ruga t ion  s t i f f e n e d  hea t  s h i e l d  pane l s .  

P a s t  hard- 

The r i b  s t i f f e n e d  h e a t  s h i e l d  des ign  w a s  s e l e c t e d  

It  w a s  a n t i c i p a t e d  t h a t  one of t h e  major problems would be t o  g e t  equal  

coa t ing  th i ckness  on t h e  i n s i d e  and o u t s i d e  of t h e  co r ruga t ions .  Due t o  r e s t r i c t e d  

access  of a i r ,  t h e  dry ing  rate of t h e  s l u r r y  i s  lower on t h e  i n s i d e .  There w e r e  

a l s o  some ques t ions  regard ing  t h e  genera l  e f f e c t  t h e  geometry would have on coa t ing  

uni formi ty .  

To v e r i f y  t h i s  behavior  and t o  develop a base  on which improvements could be 

made, an 18" (46 cm) long e l e c t r o n  beam welded s i n g l e  faced cor ruga ted  FS-85 

specimen w a s  coated wi th  t h e  C-5 n i t r o c e l l u l o s e  base s l u r r y  which w a s  optimized 

f o r  t h e  r i b  s t i f f e n e d  des ign .  The coa t ing  th i ckness  t a p e r  from top  t o  bottom on 

t h e  i n s i d e  o r  o u t s i d e  was not  of a magnitude t o  be considered a s i g n i f i c a n t  

problem. However, t h e r e  w a s  an i n t e r i o r  coa t ing  th i ckness  d i s t r i b u t i o n  range of 

1 . 2  mils (30.5 urn) t o  2 . 7  m i l s  (68.6 um) f o r  t h e  top l o c a t i o n .  The th inn ing  

occurred as t h e  coa t ing  approached t h e  acu te  angle  at t h e  weld. 

Because of t h e  above problem wi th  t h e  n i t r o c e l l u l o s e  s l u r r y  and t h e  d e s i r e  

t o  o b t a i n  a h igh  green s l u r r y  s t r e n g t h ,  i t  w a s  decided t o  f u r t h e r  t h e  development 

of an a c r y l i c  based s l u r r y  having long term s t a b i l i t y .  I n i t i a l  e f f o r t s  performed 

dur ing  process ing  s t u d i e s  f o r  r i b  s t i f f e n e d  pane l s ,  f a i l e d  t o  produce an a c r y l i c  

s l u r r y  which d i d  no t  degrade w i t h i n  a few weeks. 

a h igh  s o l i d s  conten t  s l u r r y  and by s u b s t i t u t i n g  more a c r y l i c  r e s i n  f o r  t h e  

t h i x o t r o p i c  agen t s ,  t h e  s l u r r i e s  become more s t a b l e .  A list of t h e  s l u r r y  

compositions used i n  t h e  ba lance  of t h e  program is shown i n  Table  9-1. 

It w a s  d i scovered  t h a t  by us ing  
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CRYLIC BASE SLU RY COMPOSITIONS 
( ~ e h i c ~ e  is HFN Plus B-66) 

METAL POWDERS 

Figure 9-1 shows t h e  s l u r r y  v i s c o s i t y  as a f u n c t i o n  of t i m e  f o r  t h e  optimized 

The A-22 
, 

C-5 n i t r o c e l l u l o s e  based s l u r r y  and t h e  a c r y l i c  s l u r r i e s ,  A-22 and A-28. 

s l u r r y  is  based on a r e s i n  con ten t  of 4.0% and t h i x o t r o p i c  a d d i t i v e s  MPA and 

T h i x a t r o l  ST. The A-28 is based on an a c r y l i c  r e s i n  con ten t  of 40% and minor 

amount of MPA as an agglomerate p r e v e n t a t i v e .  

The weight loss on t h e  a c r y l i c  based s l u r r y  du r ing  t h e  d i f f u s i o n  t r ea tmen t  
2 2 compared t o  2 mg/cm is  approximately 7 mg/cm 

Th i s  i s  due t o  t h e  h i g h e r  r e s i n  content  i n  t h e  d r i e d  f i lm .  It i s  t h e r e f o r e  

necessary t o  apply 27-29 mg/cm 

of t h e  d e s i r e d  f i n a l  t h i ckness .  

f o r  t h e  n i t r o c e l l u l o s e  s l u r r y ,  C-5. 

2 2 green i n s t e a d  of 22-24 mg/cm t o  o b t a i n  a c o a t i n g  

A t  t h e  d e s i r e d  c o a t i n g  we igh t s ,  s i g n i f i c a n t  c o a t i n g  t a p e r  w a s  produced w i t h  

t h e  A-28 s l u r r y .  The A-28 s l u r r y  w a s  modified t o  i n c r e a s e  i t s  v i s c o s i t y  by 

i n c r e a s i n g  t h e  s o l i d s  con ten t .  E x c e l l e n t  un i fo rmi ty  a t  t h e  d e s i r e d  c o a t i n g  

th i ckness  w a s  obtained.  

9.2 P rocess  V e r i f i c a t i o n  - A s  seen  i n  F igu re  9-2 t h e  fused s l u r r y  s i l i c i d e  

c o a t i n g  app l i ed  us ing  t h e  A-29 a c r y l i c  base  s l u r r y  t o  s u b s i z e  c o r r u g a t i o n  s t i f f e n e d  

h e a t  s h i e l d  p a n e l s  u t i l i z i n g  optimized p rocess ing  t echn iques  developed i n  t h i s  

program w a s  of e x c e l l e n t  uniformity.  

Subsize,  3" x 12" (7.5 c m  x 30 cm) c o r r u g a t i o n  s t i f f e n e d  h e a t  s h i e l d s  were 

u t i l i z e d  i n  f l i g h t  s imula t ion  t e s t i n g  t o  demonstrate t h e  e f f e c t i v e n e s s  of t h e  

optimized fused  s l u r r y  c o a t i n g  and t o  determine the r e u s e  c a p a b i l i t y  of the h e a t  

s h i e l d .  F ive  p a n e l s  w e r e  sub jec t ed  s imultaneously t o  temperature ,  p r e s s u r e ,  and 
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stress p r o f i l e s  and a c o u s t i c  exposures r e p r e s e n t a t i v e  of a Space S h u t t l e  f l i g h t .  

The temperature ,  p r e s s u r e  and stress c o n d i t i o n s  are t h e  same as t h o s e  t h a t  were 

u t i l i z e d  f o r  t h e  r i b  s t i f f e n e d  p a n e l s ;  t hey  w e r e  p re sen ted  i n  Sec t ion  4.0.  

VOLUME I 

Good c o a t i n g  q u a l i t y  w a s  evidenced by t h e  low inc idence  of c o a t i n g  f a i l u r e s ;  

f o u r  of t h e  f i v e  pane l  tests were conducted f o r  100 r e e n t r y  cyc le s .  

488 r e e n t r y  c y c l e s  w e r e  conducted; f o u r  p a n e l s  were exposed f o r  100 c y c l e s  each. 

E l a s t i c  and c reep  d e f l e c t i o n  measurements w e r e  made under four-point l oad ing  of 

t h e  pane l s  a t  a load  of 216 l b s  (98.5 kg) which produced a stress i n  t h e  outermost 

p o r t i o n  of t h e  c o r r u g a t i o n  equa l  t o  77% of room temperature  y i e l d .  Creep de f l ec -  

t i o n  measurements made w i t h  a s t r a i g h t  b a r  and micrometer over  an 11" (28 cm) span 

were a l s o  recorded f o r  each pane l  a t  v a r i o u s  i n t e r v a l s  du r ing  cyc l ing .  

A t o t a l  of 

R e s u l t s  of creep and e las t ic  d e f l e c t i o n  measurements are shown i n  Table  9-2. 

Creep d e f l e c t i o n s  are expressed i n  d e f l e c t i o n  rate (mi l s  (um)/cycle) f o r  each 

group of c y c l e s  conducted p e r  pane l  and i n  cumulative average d e f l e c t i o n  rate 

(mi l s  (um)/cycle) f o r  each group of c y c l e s  conducted p e r  pane l .  E l a s t i c  de f l ec -  

t i o n  measurements are shown i n  inches  and cen t ime te r s  measured a t  t h e  c e n t e r  of 

an 11" (28 cm) span. 

The c reep  d e f l e c t i o n  rate f o r  t h e  c o r r u g a t i o n  s t i f f e n e d  pane l s  w a s  approxi- 

mately t h r e e  t i m e s  t h e  c reep  rate of t h e  r i b  s t i f f e n e d  pane l s .  

pane l s  were loaded t o  t h e  same stress level  i n  t h e  outermost p o r t i o n  of t h e  

s t i f f e n e r s  ( t h e  edge of t h e  r i b s  f o r  t h e  r i b  s t i f f e n e d  pane l s  and t h e  f l a t  of t h e  

co r ruga t ions  f o r  t h e  c o r r u g a t i o n  s t i f f e n e d  p a n e l s ) .  To achieve t h e  same stress 

l e v e l  i n  t h e  outermost p o r t i o n  of t h e  s t i f f e n e r s e t h e  co r ruga t ion  des ign  r equ i r ed  

a load  53% h ighe r  than  f o r  t h e  r i b  s t i f f e n e d  design.  

creep experienced f o r  one des ign  ve r sus  t h e  o t h e r  des ign  can be  a t t r i b u t e d  t o  

d i f f e r e n t  stress d i s t r i b u t i o n s  w i t h i n  t h e  p a n e l s ,  which are generated simply by 

t h e  d i f f e r e n t  c r o s s - s e c t i o n a l  geometries.  

t o  compression n e u t r a l  a x i s  t h a t  i s  much c l o s e r  t o  t h e  s k i n  than  t h e  co r ruga t ion  

des ign .  Th i s  means h ighe r  stresses i n  t h e  s k i n  f o r  t h e  co r ruga t ion  des ign .  

Compressive stresses c o n t r i b u t e  j u s t  as much t o  creep s t r a i n  as t h e  t e n s i l e  

stresses. 

Both types of 

The d i f f e r e n c e  i n  amount of 

The r i b  s t i f f e n e d  des ign  has  a t e n s i o n  

Thus t h e  c o r r u g a t i o n  des ign  should show a h ighe r  c reep  d e f l e c t i o n .  

The g e n e r a l  appearance of t h e  two (20" x 20") p a n e l s  a f t e r  c o a t i n g  i s  

i l l u s t r a t e d  i n  F igu res  9-3 and 9-4.  Both have uniform t e x t u r e  over  a l l  s u r f a c e s  

w i t h  a s l i g h t  except ion.  On t h e  bottom h a l f  of each pane l  (dipping d i r e c t i o n ) ,  

i n  t h e  v a l l e y s  between c o r r u g a t i o n s ,  which correspond t o  t h e  weld l i n e ,  t h e  

c o a t i n g  i s  somewhat sh iny .  Under a l o w  power microscope i t  appears  t h e  c o a t i n g  
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PANEL 
NO. 

2 

PRESSURE 
CYCLE 

NO. 

EXTERNAL 0 
22 
44 
66 
88 

I 100 
EXTERNAL I 0 

22 
44 
66 

DEFLECTION MEASUREMENTS 
CREEP ELASTIC 

CUMULATIVE AFTER EACH GROUF 
REENTRY CYCLES 

IN. (cm) 

2.04(52) 
1.68 (43) 
1.55(39) 
1.32(33) 
2.4261) 

2.04(52) 
1.86 (47) 
1.75 (45) 
1.65(42) 
1.64(42) 

0.1 18(0.300) 
0.095(0.242) 
O.lOZ(0.259) 

0.103(0.262) 
0.102(0.259) 

1.59(40) 
1 45(37) 
1.23(31) 
1.09(28) 

1.86(47) 
1.18(30) 
1.23(31) 
1.00(25) 
1.25(32) 

1.14 (29) 
0.18(5.0) 
'1,59(40) 
1.45(37) 

1.77(45) 
l.OO(Z5) 
"1:55(39) 
1.64(42) 
1.08(27) 

may be  somewhat t h i c k e r  h e r e  than  i n  o t h e r  areas. 

I n  summary t h e  c o a t i n g  p rocess  u t i l i z i n g  t h e  a c r y l i c  based v e h i c l e  can be 

used t o  o b t a i n  good, adhe ren t ,  uniform and r ep roduc ib le  c o a t i n g s  on corrugated 

pane l s .  The p rocess  s p e c i f i c a t i o n  f o r  a p p l i c a t i o n  of t h e  R-512E c o a t i n g  us ing  

t h e  A-32 s l u r r y  and d e t a i l s  of t h i s  s tudy  are p resen ted  i n  Volume 11. 
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GENERAL APPE~RANCE OF PANELS F-1 AND F-2 AFTER COATING 

FIGURE 9-3 
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10,o  STRUCTURAL PERFORMANCE OF REPRESENTATIVE PANELS WITH INTENTIONAL COATING 

DAMAGE 

The e f f e c t  of l o c a l  coa t ing  damage on t h e  s t r u c t u r a l  i n t e g r i t y  of coated 

r e f r a c t o r y  m e t a l  hardware i s  an important  cons ide ra t ion  i n  any a c t u a l  f l i g h t  

program and one which has  been l a r g e l y  overlooked t o  da te .  Because coated r e f r a c -  

t o r y  m e t a l  s t r u c t u r e s  are requ i r ed  t o  perform mul t imiss ions ,  t h e  a b i l i t y  t o  judge 

s t r u c t u r a l  adequacy i n  r e l a t i o n  t o  l o c a l  coa t ing  damage becomes even more 

imp o rt an t  . 
Two main p o i n t s  must be  considered w i t h  r e spec t  t o  t h e  e f f e c t  of  coa t ing  

damage on t h e  s t r u c t u r a l  i n t e g r i t y  of columbium a l l o y s .  The f i r s t  i s  t h e  contamina- 

t i o n  of t h e  columbium s u b s t r a t e  wi th  oxygen and n i t r o g e n  and t h e  embri t t lement  

which t h i s  causes.  The i n i t i a l  e f f e c t  i s  s t r eng then ing  of t h e  s u b s t r a t e  w i th  an 

accompanying l o s s  of d u c t i l i t y ,  followed by d e t e r i o r a t i o n  of t h e  s t r e n g t h .  The 

second cons ide ra t ion  i s  t h e  ox ida t ion  of columbium l ead ing  t o  a r educ t ion  i n  t h e  

load  bear ing  c ross  s e c t i o n .  The f i r s t  cons ide ra t ion ,  contaminat ion,  i s  probably 

t h e  more important  aspect i n  a reduced p r e s s u r e  environment, The l o s s  of columbium 

c r o s s  s e c t i o n  due t o  g ross  ox ida t ion  is  s m a l l  compared t o  t h e  depth of contamina- 

t i o n  which is  u s u a l l y  several t i m e s  g r e a t e r  i n  volume. I n  both  damage considera- 

t i o n s ,  t h e  atmosphere must come i n  contac t  w i t h  t h e  s u b s t r a t e  by pass ing  through 

t h e  coa t ing  o r  by t h e  coa t ing  be ing  t o t a l l y  absent .  For t h i s  program, coa t ing  

damage w a s  induced by mechanical ly  removing t h e  coa t ing  i n  a l o c a l  area s o  t h a t  

t h e  v a r i a b l e s  of de fec t  s i z e  and l o c a t i o n  could be  p r e c i s e l y  def ined.  

The specimens used i n  t h i s  s tudy  w e r e  subs i ze  3" x 12" (7.5 cm x 30 cm) FS-85 

columbium a l l o y  r i b  and co r ruga t ion  s t i f f e n e d  h e a t  s h i e l d  pane l s ,  i d e n t i c a l  i n  

s i z e  and cons t ruc t ion  w i t h  t h e  pane l s  u t i l i z e d  i n  Sec t ions  8.0 and 9.0. 

s t i f f e n e d  pane l s  were coated by HiTemCo wi th  a nominal 3.0 m i l  (75 pm) R-512E 

coa t ing  appl ied  using t h e  C-5 n i t r o c e l l u l o s e  based s l u r r y .  

s t i f f e n e d  pane l s  were a l s o  coated by HiTemCo wi th  a nominal 3.0 m i l  (7.5 Um) R-512E 

coa t ing  app l i ed  us ing  t h e  A-32 a c r y l i c  based s l u r r y .  

The r i b  

The co r ruga t ion  

P r i o r  t o  r e e n t r y  s imula t ion ,  each panel  w a s  i n t e n t i o n a l l y  de fec t ed ,  t o  s imula t e  

coa t ing  damage, by g r i t  b l a s t i n g  t o  remove an area of coa t ing  approximately 1/8" 

(0 .3  cm) i n  diameter .  

b l a s t i n g  ope ra t ion  by masking wi th  a m e t a l  template ,  

d e f e c t s  va r i ed  from one t o  t h r e e  and from s k i n  s i d e  t o  s t i f f e n e r  s i d e ,  r e s p e c t i v e l y .  

The surrounding coa t ing  w a s  p r o t e c t e d  during t h e  g r i t  

The number and l o c a t i o n  of 

The s u b s i z e  defec ted  pane l s  w e r e  sub jec t ed  t o  simultaneous s imula t ion  of 

temperature ,  p r e s s u r e ,  and stress p r o f i l e s  r e p r e s e n t a t i v e  of a Space S h u t t l e  r e e n t r y  
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f l i g h t .  P r e s s u r e  condi t ions  r e p r e s e n t a t i v e  of  bo th  i n t e r n a l  and e x t e r n a l  s u r f a c e s  

w e r e  s imula ted .  

tube  furnace  and t h e  loading f i x t u r e  which w e r e  shown i n  Sec t ion  8.0, Figure 8-20. 

The temperature ,  p r e s s u r e  and stress condi t ions  are t h e  same as those  e s t a b l i s h e d  i n  

Sec t ion  4.0 f o r  s u b s i z e  pane l  tests. 

a c o u s t i c  exposures t o  s imula t e  t h e  n o i s e  environment experienced dur ing  l i f t - o f f  f o r  

a Space S h u t t l e  f l i g h t .  The level o f  a c o u s t i c  exposure w a s  such as t o  create a 

stress l e v e l  of 10,000 p s i  (69 NN/m ) i n  t h e  o u t e r  p o r t i o n  of t h e  s t i f f e n e r s .  

w a s  t h e  same a c o u s t i c  exposure cond i t ion  t h a t  w a s  u t i l i z e d  f o r  t e s t i n g  nondefected 

r i b  and co r ruga t ion  subs i ze  pane l s  i n  Sec t ion  8.0 and Sec t ion  9 . 0 ,  r e s p e c t i v e l y .  

F l i g h t  s imula t ions  were accomplished us ing  t h e  modified Astro 

These de fec t ed  pane l s  were a l s o  sub jec t ed  t o  

2 This  

10 .1  T e s t  Resu l t s  f o r  Rib S t i f f e n e d  Panels  - Five s u b s i z e  r i b  s t i f f e n e d  h e a t  

s h i e l d  pane ls  were exposed t o  r e e n t r y  s imula t ion  inc lud ing  a c o u s t i c  t e s t i n g .  

pane ls  w e r e  exposed t o  e x t e r n a l  p r e s s u r e  condi t ions  and two panels  were exposed t o  

i n t e r n a l  p r e s s u r e  cond i t ions .  E las t ic  d e f l e c t i o n  measurements w e r e  made a t  room 

temperature  p r i o r  t o  and during t e s t i n g  under four-point l oad ing  of t h e  pane ls  a t  

a load  of 1 4 1  l b  (64 kg) which produced a stress i n  t h e  o u t e r  p o r t i o n  of t h e  r i b s  

equal  t o  7 7  percent  of room temperature  y i e l d .  Creep d e f l e c t i o n  measurements were 

Three 

made wi th  a s t r a i g h t  b a r  and micrometer over  an 11" (28 cm) span and recorded f o r  

each panel  at va r ious  i n t e r v a l s  dur ing  cyc l ing .  

Resul t s  of creep and e l a s t i c  d e f l e c t i o n  measurements are shown i n  Table 10-1. 

Creep d e f l e c t i o n s  are expressed i n  d e f l e c t i o n  rate (mi l s / cyc le  and ym/cycle) f o r  

each group of cyc les  conducted p e r  pane l  and i n  cumulative average d e f l e c t i o n  rate 

(mi ls /cyc le ,  and pm/cycle) a f t e r  each group of  cyc les .  Elastic d e f l e c t i o n  measure- 

ments are shown i n  inches  and cent imeters  measured a t  t h e  cen te r  of an 11" (28 cm) 

span. The h ighe r  d e f l e c t i o n  rates (c reep  and e l a s t i c )  f o r  t h e  f i r s t  group of  

cyc le s  f o r  a l l  pane ls  compared t o  t h e  d e f l e c t i o n  rates of subsequent groups of 

cyc le s  were aga in  experienced,  as they were f o r  t h e  nondefected pane l s .  The 

e las t ic  d e f l e c t i o n  a f t e r  t h e  i n i t i a l  decrease  from t h e  f i r s t  group of cyc les  showed 

a gradual  i n c r e a s e  w i t h  t i m e .  

a decrease  i n  e las t ic  d e f l e c t i o n  wi th  t i m e  as a r e s u l t  of  contamination which would 

i n c r e a s e  modulus. This may s t i l l  be  a v a l i d  theory  which occurs  and i s  then over- 

shadowed by t h e  l o s s  of c ros s - sec t iona l  area due t o  de fec t  growth. 

have occurred w i t h i n  t h e  22-cycle span b e f o r e  d e f l e c t i o n  measurements w e r e  made. 

Such s t r eng then ing  might have been revea led ,  had measurements been made a f t e r  every 

c y c l e  e 

It w a s  thought t h a t  t h e  defec ted  panels  would show 

This  change may 
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TABLE 10-1 

DEFLECTION MEASUREMENTS, SUB-SIZE RIB STIFFENED PANELS 

PANEL 
NO. PRESSURE 

2-A EXTERNAL 

1-A EXTERNAL 

EXTERNAL 

INTERNAL 

INTERNAL- 

~ 

MDC E0784 
AUGUST 1973 

VOLUME I 

DEFECT CYCLE 

2-1 /8” (0.32 cm) 0 
DEFECTS 16 lXi(31.8) 1.25(31.8) 
BETWEEN 31 0.60(15.2) 0.94(23.8) 
RIBS 47 0.56(14.2) 0.81(20.6) 

62 0.20(5.1) 0.6 5 (1 6.5) 
77 0.67(17.0) 0.66(16.8) 

100 0.44(11.2) 0.61(15.5) 
1-1/8”(0.32 cm) 0 
DEFECT 13 0.69(17.5) 0.69(17,5) 
ABOVE 29 0,56(14.2) 0.62(15.8) 
CENTER 45 0.25(6.4) 0.49(12.4) 
RIB 60 0,13(3.3) 0.40(10.2) 
3-1/8”(0 32 cm) 0 
DEFECT 16 0,81(20.6) 0.81 (20.6) 
ABOVE 32 0.44(11.2) 0,63(16.0) 
EACH RIB 47 0.20(5.1) 0.49(12.4) 

60 0.54(13.7) 0.50(12.7) 
1-1/8”(0.32 cm) 0 
DEFECT ON 22 0,18(4.6) 0,18(4.6) 
CENTER 
RIB 
1-1/8”(0.32 cm) 0 

DEFECT ON 10 1.8(46) 0.9(23) 
CENTER -0,6(-*15.2) 0.4(10) 
RIB 1 ii I 1=0(25) 0.55(14) 

(0,3200) 5 0 0 

’S 
ELASTIC 

AFTER EACH GROUF 
REENTRY CYCLES 

IN. (cm) 

0.118(0.300) 
0.084(0.214) 
0.086(0.217) 
0.090(0.228) 
0.091 (0.230) 
0.091(0.230) 

0.113(0.287) 
0.087(0.221) 
0.085(0.216) 
0.088(0.224) 

0.122(0.310) 
0.081 (0.206) 
0.089(0.226) 
OJOZ(O.259) 

0.085(0.216) 

0.082(0.208) 
0.067(0.170) 
0.077(0.196) 
0.076(0.193) 
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Creep d e f l e c t i o n s  ve r sus  number of r e e n t r y  c y c l e s  f o r  t h e  de fec t ed  r i b  

s t i f f e n e d  pane l s  t e s t e d  i n  bo th  t h e  e x t e r n a l  and i n t e r n a l  p r e s s u r e  environments 

are shown i n  F igure  10-1. 

d e f l e c t i o n  rate f o r  nondefected pane l s  t e s t e d  i n  Sec t ion  8.0. 

f o r  t h e  de fec t ed  pane l s  w e r e  erratic b u t  g e n e r a l l y  h ighe r  t han  t h o s e  f o r  t h e  

nondefected panel  average. 

from ox ida t ion  caused h ighe r  d e f l e c t i o n s  b u t  t h e s e  w e r e  o f f s e t  some, by t h e  

inc reased  s t r e n g t h  due t o  oxygen and n i t r o g e n  contamination. 

d e f e c t  site and t h e  subsequent consumption and contaminat ion have some e f f e c t  on 

t h e  c reep  d e f l e c t i o n s .  

Also shown is a l i n e  r e p r e s e n t i n g  t h e  average c reep  

Creep d e f l e c t i o n s  

The lo s s  i n  c ros s - sec t iona l  area due t o  consumption 

The l o c a t i o n  of t h e  

It is  n o t  p o s s i b l e  t o  determine t h e  e f f e c t s  of p r e s s u r e  

environment on d e f l e c t i o n s  because the d e f e c t  l o c a t i o n s  are d i f f e r e n t  f o r  t h e  

i n t e r n a l  p re s su re  environment tests. 

Table 10-2 p r e s e n t s  t h e  r e s u l t s  of nondes t ruc t ive  coa t ing  th ickness  measure- 

ments made on t h e  f i v e  subs i ze  h e a t  s h i e l d  pane ls  be fo re  and a f t e r  r e e n t r y  cyc l ing .  

The Dermitron eddy c u r r e n t  device  w a s  used f o r  t h i ckness  measurements. 

coa t ing  uniformity f o r  each panel  i s  revea led  f o r  t h e  as-coated condi t ion .  Thick- 

ness  change due t o  cyc l ing  i n  t h e  e x t e r n a l  p r e s s u r e  environment agrees  very  w e l l  

wi th  t h a t  f o r  t h e  r i b  s t i f f e n e d  pane l s  t e s t e d  i n  Sec t ion  8.0. The pane l s  (7X and 

8x1 t e s t e d  i n  t h e  i n t e r n a l  p r e s s u r e  environment showed th i ckness  i n c r e a s e s  a f t e r  

about 20 cyc le s  t h a t  were twice t h e  i n c r e a s e s  f o r  pane ls  ( 3  and 4) exposed f o r  70 

t o  100 cyc les  i n  Sec t ion  8.0. S ince  t h e  coa t ings  and tes t  environments are t h e  

same, t h i s  impl ies  t h a t  t h e r e  i s  an i n i t i a l  t h i ckness  i n c r e a s e  due t o  formation of  

a coa t ing  oxide  which i s  then  g radua l ly  dep le t ed  wi th  continued r e e n t r y  exposure.  

Exce l len t  

Defected pane l s  1-A, 2-A and 6 which w e r e  t e s t e d  i n  t h e  e x t e r n a l  p re s su re  

environment, had d e f e c t  sites 1/8" (0.3 cm) i n  diameter  l o c a t e d  on t h e  s k i n  s i d e  

of t h e  pane l s ,  one d i r e c t l y  above t h e  c e n t e r  r i b  f o r  Panel  No.  1-A and one above 

each of t h e  t h r e e  r i b s  f o r  Panel  No. 6 ,  and two between t h e  r i b s  f o r  pane l  2-A. 

The l o c a t i o n ,  s i z e  and growth of t h e s e  d e f e c t s  can b e  observed i n  Figures  10-2, 

10-3 and 10-4. Panels  1-A and 6 showed s t r u c t u r a l  lives of 60 r e e n t r y  cyc le s  

which were approximately 40 percen t  s h o r t e r  t han  t h e  nondefected pane l s ,  

f a c t o r s  r e spons ib l e  f o r  t h e  major p o r t i o n  of t h e  reduced l i f e  are l o s s  of pane l  

c ross -sec t ion  due t o  consumption by o x i d a t i o n  and premature c rack  formation and 

propagat ion i n  t h e  contaminated columbium s u b s t r a t e .  S t r u c t u r a l  f a i l u r e  f o r  bo th  

pane ls  occurred dur ing  a c o u s t i c  t e s t i n g .  The 1/8" ( 0 . 3  cm) d e f e c t s  had grown t o  

0.6" (1.5 cm) diameter  and had consumed approximately 1 / 3  of  t h e  r i b  c ross -sec t ion .  

This amount of  r educ t ion  i n  c ross -sec t ion  would lead  t o  cons iderably  h ighe r  

The two 
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TABLE 10-2 

T 

MDC €0784 
AUGUST 1973 

VOLUME I 

COATING THICKNESS MILS/ p m  AT LOCATION REENTRY 
CYCLES 

(NO.) 1 2  3 4 5 6 7 8 9 10 11 1 2 1 3 1 4 1 5 1 6  No- 

3.1 3.3 2.9 4.3 3.1 3.1 3.5 2.7 3.2 3.3 3.7 A 3  3.2 3.5 3.2 3.1 
O I - - - - -  79 84 74 109 79 79 89 69 81 84 94 84 81 89 81 3 1 -A I 

4.3 4.9 4.5 4.8 4.3 4.7 - 3.9 3.9 4.4 4.5 3.7 3.5 
99 99 111 114 94 89 109 125 114 121 109 119 
- -- 

3.1 3.1 3.2 4.0 3.5 3.4 3.2 4.3 3.2 3.5 3.9 - 4.0 3.2 3.5 3.2 3.2 
2-A 79 79 81 101 89 84 81 1 0 9  81 89 99 101 81 89 81 81 

3.5 4.0 
E 4  109 101 141157114 89 101 

- ---- 0 

- 4.4 5.2 4.5 4.3 4.0 5.5 6.1 4.5 - 100 
111 133 

3.2 3.3 3.7 3.6 3.1 3.2 3.5 3.2 3.2 3.3 3.6 3.5 3.5 3.5 3.2 3.3 
8 1 8 4 9 4 9 1 7 9 8 1 8 9 8 1 8 1 8 4 9 1 8 9 8 9 8 9 8 1 8 4  

71 69 84 84 81 79 71 74 79 74 79 79 79 81 74 74 

3.6 3.6 3.5 3.5 3.6 3.5 - -  4.1 4.1 4.0 3.7 3.9 3.9 - --- 22 
104 104 101 94 99 99 91 91 s s 8 9 i i - a -  

2.7 2.7 2.9 2.9 3.2 3.1 3.1 3.1 3.1 2.9 2.9 3.1 2.9 3.1 2.9 2.8 
O I - - - - - -  69 69 74 74 81 79 79 79 79 74 74 79 74 79 74 71 

- -- --- -- 
8X 1 
- - -  I 2o I 4.0 4.0 3.7 4.0 4.1 4.1 

101 101 94 101 104 104 ----- - -  3.3 3.5 3.6 3.6 3.6 3.2 
a4 89 91 91 91 i5i- 

73 



FUSED SLURRY SILICIDE 
COATED COLUMBIUM FINAL REPORT 

MDC E0784 
AUGUST 1973 

VOLUME I 

A) AS DEFECTED PRIOR TO TESTING 

B) AFTER 16 REENTRY AND ACOUSTICS CYCLES 

.36X 
C) AFTER 100 REENTRY CYCLES AND 77 ACOUSTIC CYCLES 

1x 
D) AFTER 100 REENTRY AND ACOUSTIC CYCLES 

0.2- 
FIGURE 10-2 
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.38X 
A) AS DEFECTED PRIOR TO TESTING 

.93x 
C) AFTER 60 REENTRY CYCLES AND 45 ACOUSTIC CYCLES 
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VOLUME I 

1x 
B) AFTER 13 REENTRY AND ACOUSTIC CYCLES 

1x 
D) AFTER 60 REENTRY AND ACOUSTIC CYCLES 

FLIGHT SI~ULATION TESTING OF 
FIGURE 10-3 
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.38X 
A) AS DEFECTED PRIOR TO TESTING 

.37x 
B) AFTER 16 REENTRY AND ACOUSTIC CYCLES 

.36X 
C) AFTER 60 REENTRY CYCLES AND 47 ACOUSTIC CYCLES 

1x 
D) AFTER 60 REENTRY AND ACOUSTIC CYCLES 

FLIGHT SIMULATION TEST1 G OF PANEL 
FIGURE 10-4 
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VOLUME I 

stresses dur ing  f l i g h t  and a c o u s t i c  loading.  

t h e  r i b s  d i d  no t  show any reduced s t r u c t u r a l  i n t e g r i t y  up t o  100 r e e n t r y  cyc le s ,  

where t e s t i n g  w a s  te rmina ted ,  because t h e  c r i t i ca l  load  c a r r y i n g  r i b  s t i f f e n e r s  

w e r e  no t  a f f e c t e d  by t h e  oxida t ion .  

Panel  2-A which had d e f e c t s  between 

One de fec t ed  pane l ,  7X, t e s t e d  i n  t h e  i n t e r n a l  p r e s s u r e  environment, had one 

d e f e c t  on t h e  s t i f f e n e r  s i d e  on top of t h e  c e n t e r  r i b .  

F igure  10-5. 

r e e n t r y  cyc led  22 t i m e s .  T h i s  d e f e c t  i s  l o c a t e d  i n  t h e  most c r i t i ca l  area on t h e  

pane l ,  where t h e  h i g h e s t  stresses are experienced.  

more c l o s e l y ,  another  pane l ,  8X, w i th  t h e  same type  of d e f e c t  w a s  cycled i n  

increments of 5 cyc les .  Twenty (20) c y c l e s  w e r e  completed be fo re  s t r u c t u r a l  

f a i l u r e .  It must be remembered t h a t  t h e  a c o u s t i c  environment u t i l i z e d  f o r  t h e s e  

pane l  tests w a s  designed t o  cause f a i l u r e  of nondefected pane l s  i n  100 f l i g h t s .  

Most of t h e  nondefected panels  withstood a c o u s t i c  exposures t h a t  represented  

88-100 r e e n t r y  f l i g h t  cyc le s .  It i s  unders tandable  t h a t  t h e  defec ted  pane l s  wi th  

t h e  ox ida t ion  and contaminat ion they  developed would not  s u r v i v e  as much a c o u s t i c  

Th i s  can b e  seen  i n  

Th i s  pane l  s t r u c t u r a l l y  f a i l e d  i n  a c o u s t i c s  a f t e r  i t  had been 

To determine s t r u c t u r a l  l i f e  

exposure.  A t r u e  f e e l  f o r  s t r u c t u r a l  l i f e  w a s  no t  revea led  by t h e s e  tests, 

because of t h e  t h e  l i f e  dependency on a c o u s t i c  environment and- d e f e c t  s i z e ,  which 

were somewhat a r b i t r a r i l y  s e l e c t e d  and d i d  not  r ep resen t  t r u e  s imula t ion  of f l i g h t  

cond i t ions .  

True s imula t ion  of n a t u r a l l y  occur r ing  o r  a c c i d e n t a l ,  mechanically-induced, 

coa t ing  damage si tes would be  impossible .  

w a s  a r b i t r a r y  bu t  i t  w a s  f e l t  t o  be  r a t h e r  s eve re  cons ider ing  t h a t  t h e  pane l  area 

of t h e  s u b s i z e  pane l s  u t i l i z e d  i s  less than  1/10 t h a t  of f u l l  s i z e  20" x 20" 

(50 c m  x 50 cm) panels .  

Choosing a d e f e c t  s i z e  of 1/8" (0.3 cm) 

Since t h e  same a c o u s t i c  environment w a s  u t i l i z e d  f o r  both nondefected and 

defec ted  p a n e l s ,  t h e  relative e f f e c t  of c o a t i n g  damage could be  assessed .  

s t r u c t u r a l  l i f e  i n  t h e  e x t e r n a l  p r e s s u r e  environment w a s  reduced from 0 t o  40 per- 

c e n t ,  depending on l o c a t i o n ,  f o r  damage sites on t h e  s k i n .  The s t r u c t u r a l  l i f e  

i n  t h e  i n t e r n a l  p r e s s u r e  environment w a s  reduced by about 80 percent  when t h e  

damage s i te  w a s  l o c a t e d  on t h e  most c r i t i c a l  area (edge of r i b  s t i f f e n e r ) .  

The 

A l l  of t h e  s t r u c t u r a l  f a i l u r e s  i n  t h e  defec ted  r i b  s t i f f e n e d  panel  tests 

w e r e  f a t i g u e  f a i l u r e s  generated by t h e  a c o u s t i c  exposures., 

t h e  s t a t i c  des ign  loads  (room temperature  and e l e v a t e d  temperature)  j u s t  p r i o r  

t o  gene ra t ion  of f a t i g u e  f a i l u r e s .  

A l l  pane l s  withstood 
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A) AS DEFECTED PRIOR TO TESTING 
1x 1.5X 

B) AFTER 22 REENTRY CYCLES AND BEFORE ACOUSTIC 
TESTING 

3x 
C) AFTER 22 REENTRY A D ACOUSTIC CYCLES 

T S  
FIGURE 10-5 

\ 
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I n  o r d e r  t o  have a r e l i a b l e  h e a t  s h i e l d ,  f a t i g u e  l i f e  must be considered i n  

t h e  design.  

s t i f f e n e r  must a l s o  be  considered.  The tests conducted i n  t h i s  i n v e s t i g a t i o n  

i n d i c a t e  a f a t i g u e  l i f e  o f  about 160,000 c y c l e s  a t  10,000 p s i  (69 MN/m ), should 

coa t ing  damage t o  t h e  r i b  s t i f f e n e r  occur. Th i s  i s  considered q u i t e  a s h o r t  l i f e  

f o r  a metall ic material at such a low stress level. 

s t r e n g t h  may very w e l l  become t h e  c r i t i ca l  des ign  f a c t o r  f o r  coated columbium 

h e a t  s h i e l d s .  

The p o s s i b i l i t y  of coa t ing  damage t o  t h e  cr i t ical  edge of t h e  r i b  

2 

This  s u g g e s t s  t h a t  f a t i g u e  

10.2 T e s t  Resu l t s  f o r  Corrugat ion S t i f f e n e d  Pane l s  - Five  s u b s i z e  corruga- 

t i o n  s t i f f e n e d  h e a t  s h i e l d  pane l s  w e r e  exposed t o  r e e n t r y  s i m u l a t i o n  i n c l u d i n g  

a c o u s t i c  t e s t i n g .  

p r e s s u r e  cond i t ions  and two p a n e l s  were exposed t o  r e e n t r y  s i m u l a t i o n  under 

i n t e r n a l  p r e s s u r e  cond i t ions .  E la s t i c  d e f l e c t i o n  measurements were made at room 

temperature  p r i o r  t o  and during t e s t i n g  under four-point  l oad ing  of  t h e  pane l s  a t  

a load  of 216 l b  (98.5 kg) which produced a stress i n  t h e  o u t e r  p o r t i o n  o f  t h e  

co r ruga t ions  equa l  t o  77  p e r c e n t  of  room temperature  y i e l d  s t r e n g t h .  

d e f l e c t i o n  measurements w e r e  made w i t h  a s t r a i g h t  b a r  and micrometer ove r  an 11" 

(28 cm) span and recorded f o r  each p a n e l  at va r ious  i n t e r v a l s  du r ing  t e s t i n g .  

These test cond i t ions  and d e f l e c t i o n  measurement procedures  w e r e  the same as t h o s e  

employed f o r  t h e  de fec t ed  r i b  s t i f f e n e d  pane l s .  

Three p a n e l s  w e r e  exposed t o  r e e n t r y  s imula t ion  under external 

Creep 

Resu l t s  of creep and e las t ic  d e f l e c t i o n  measurements are shown i n  Table  10-3. 

Creep d e f l e c t i o n s  are expressed i n  d e f l e c t i o n  rate,  m i l s  (pm)/cycle,  f o r  each 

group of  cyc le s  conducted p e r  p a n e l  and i n  cumulative average d e f l e c t i o n  rate, 

m i l s  (pm) / c y c l e ,  a f t e r  each group of cyc le s .  E la s t i c  d e f l e c t i o n  measurements are 

shown i n  inches  and cen t ime te r s  measured a t  t h e  c e n t e r  of  an 11" (28 cm) span. 

The d e f l e c t i o n  rates (c reep  and e l a s t i c )  f o r  t h e  de fec t ed  co r ruga t ion  

s t i f f e n e d  pane l s  compared very f avorab ly  t o  t h e  rates f o r  nondefected pane l s .  The 

e f f e c t  of d e f e c t s  and d e f e c t  l o c a t i o n  on creep d e f l e c t i o n s  showed t h e  same t r e n d s  

as t h e  r i b  s t i f f e n e d  panels.. Creep d e f l e c t i o n s  ve r sus  number of r e e n t r y  cyc le s  

f o r  t h e  d e f e c t e d  co r ruga t ion  s t i f f e n e d  pane l s  t e s t e d  i n  b o t h  t h e  e x t e r n a l  and 

i n t e r n a l  p r e s s u r e  environments are shown i n  Figure 10-6. 

f i g u r e  is a l i n e  r e p r e s e n t i n g  t h e  average creep d e f l e c t i o n  rate f o r  nondefected 

corrugated pane l s  t e s t e d  as desc r ibed  i n  Sec t ion  9.0. I n  g e n e r a l ,  creep de f l ec -  

t i o n s  w e r e  h i g h e r  f o r  t h e  d e f e c t e d  pane l s .  

p a n e l s ,  l o s s  of c ros s - sec t ion  due t o  consumption by o x i d a t i o n  would produce h i g h e r  

creep d e f l e c t i o n s .  

Also shown i n  t h i s  

A s  occurred w i t h  t h e  r i b  s t i f f e n e d  
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TABLE 10-3 

'ANEL 
NO. 

PRESSURE 

6 EXTERNAL 

3 EXTERNAL 

4 EXTERNAL 

8 INTERNAL 

DEFECT 
CREEP ELASTIC CYCLE - 

CUMULATIVE AFTER EACH GROUP 
AVERAGERATE REENTRY CYCLES 

NO. GROUP RATE 

MILS(pm)'CYCLE MlLS(pm)/CYCLE IN. (cm) 

WELDS ON 88 -0.45(-11.5) 1.22(31) 0.117(0.298) 
SKIN SIDE 100 -0.17 (-4.2) 1.05(26.6) 
1 -1 /8' ' 0 0.1 09 (0.277) 

0.098(0.249) 
CORRUGATION 20 1.6(41) 2.2(56) O.lOl(0.256) 

25 0.4(10) 18(46) 
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0- PANEL NO. 6 
0- PANEL NO. 3 
0- PANEL NO. 4 
m- PANEL NO. 8 

' A- PANEL NO. 11 
I I - -AVERAGE RATE 

NON-DEFECTED 
PANELS 

I I I 

NUMBER OFREENTRYCYCLES 

INTENTIONALLY DEFECTED SUB-SIZE CORRUGATION STIFFENED HEAT SHIELD 
PANEL CREEP DEFLECTIONS 

FIGURE 10-6 
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Defect l o c a t i o n s  f o r  t h e  c o r r u g a t i o n  s t i f f e n e d  p a n e l s  w e r e  i n  approximately 

t h e  s a m e  areas as they  w e r e  f o r  t h e  r i b  s t i f f e n e d  pane l s .  The response of two 

d i f f e r e n t  des igns  w a s  ve ry  s i m i l a r  when d e f e c t s  w e r e  l o c a t e d  i n  approximately 

t h e  s a m e  areas as shown i n  F igures  10-1 and 10-6. 

Table  10-4 p r e s e n t s  the r e s u l t s  of  n o n d e s t r u c t i v e  c o a t i n g  t h i c k n e s s  measure- 

ments made on the f i v e  s u b s i z e  heat s h i e l d  pane l s  b e f o r e  and after r e e n t r y  cyc l ing .  

The pane l s  show e x c e l l e n t  c o a t i n g  un i fo rmi ty  and t h e  t h i c k n e s s  changes due t o  

c y c l i n g  ag ree  ve ry  c l o s e l y  w i t h  t h o s e  f o r  t h e  corrugated p a n e l s  eva lua ted  i n  

S e c t i o n  9.0. 

Defected p a n e l s  3 ,  4 ,  and 6 which w e r e  t e s t e d  i n  t h e  e x t e r n a l  p r e s s u r e  

environment, had d e f e c t  s i tes 1/8" (0.3 cm) diameter l o c a t e d  on t h e  s k i n  s i d e  of 

t h e  pane l s  d i r e c t l y  on t h e  welds f o r  p a n e l  Nos. 3 and 4 ,  and between t h e  welds 

f o r  pane l  No. 6 .  The l o c a t i o n ,  s i z e ,  and growth of t h e s e  d e f e c t s  can b e  observed 

i n  F igu res  10-7, 10-8, and 10-9. P a n e l  No. 3 w i t h  one d e f e c t  and pane l  N o .  4 ,  

wi th  t h r e e  d e f e c t s ,  showed s t r u c t u r a l  l ives  that were s h o r t e r  by 1 2  and 56 p e r c e n t ,  

r e s p e c t i v e l y ,  compared w i t h  l i ves  f o r  t h e  nondefected p a n e l s  desc r ibed  i n  Sec t ion  

9.0. S t r u c t u r a l  f a i l u r e s  occurred w i t h  bo th  p a n e l s  du r ing  a c o u s t i c  t e s t i n g .  Pane l  

No. 6 which had two d e f e c t s  on t h e  s k i n  between the welds d i d  n o t  show any reduced 

s t r u c t u r a l  l i f e  p r i o r  t o  t e r m i n a t i o n  of t h e  t e s t i n g  a t  100 c y c l e s .  Cross - sec t iona l  

photomicrographs of panel  N o .  6 are shown i n  F igu res  10-10 and 10-11, a f t e r  100 

c y c l e s  of exposure.  

c o a t i n g  ox ida t ion .  

Uniform c o a t i n g  coverage can b e  observed as w e l l  as t y p i c a l  

Panel  No. 8 t e s t e d  i n  t h e  i n t e r n a l  p r e s s u r e  environment had one d e f e c t  on t h e  

s t i f f e n e r  s i d e  of t h e  p a n e l  on t h e  top of t h e  co r ruga t ion .  Th i s  can be  seen  i n  

F igu re  10-12. 

cycled 22 t i m e s .  

ano the r  p a n e l ,  No. 11 w i t h  t h e  same type  of  d e f e c t  w a s  r e e n t r y  cycled i n  increments 

of 5 c y c l e s .  

du r ing  a c o u s t i c  t e s t i n g  t h a t  followed Pane l  No. 11 is shown i n  F igu re  10-13. 

T h i s  pane l  s t r u c t u r a l l y  f a i l e d  i n  a c o u s t i c s  after i t  had been r e e n t r y  

I n  o r d e r  t o  determine more c l o s e l y  what s t r u c t u r a l  l i f e  w a s ,  

T h i r t y  r e e n t r y  c y c l e s  were complete b e f o r e  f a i l u r e  occur red ,  aga in ,  

The almost i d e n t i c a l  performance of t h e  de fec t ed  co r ruga ted  p a n e l s  and 

de fec t ed  r i b  s t i f f e n e d  pane l s  c e r t a i n l y  sugges t s  t h a t  n e i t h e r  des ign  h a s  a r e u s e  

advantage when t h e  c o a t i n g  has  been damaged. 

co r ruga t ion  and r i b  s t i f f e n e d  p a n e l s  i n  t h e  i n t e r n a l  p r e s s u r e  environment w i t h  

d e f e c t s  l o c a t e d  on t h e  maximum stress area of t h e  s t i f f e n e r s  w a s  somewhat s u r p r i s -  

i n g .  Since f a i l u r e s  were f a t i g u e  f a i l u r e s ,  i t  w a s  thought t h a t  t h e  d e f e c t  l o c a t e d  

The e q u i v a l e n t  performance of t h e  
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TABLE 10-4 

-512E COATED FS-85 
SU B-SIZ E CORRUGATION STIFF EN ED PANELS 

3 5 

6 4 10 

NO. OF 
REENTRY 
CYCLES 

PANEL 
No* 

0 

3 

88 

0 

4 

44 

0 

6 

100 

I 30 

MDC €0784 
AUGUST 1973 

VOLUME I 

COATING THICKNESS MILS/Mm AT LOCATION 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  

2.8 2.9 2.9 2.9 2.9 3.1 2.9 2.9 2.9 2.8 2.9 3.1 
i i K 7 4 7 4 7 4 i 9 - 7 4 T i i - 7 4 7 1 7 4 z i  

4.8 4.5 4.1 4.0 3.9 3.9 4.1 4.4 4.1 4.1 4.0 4.3 
Izi 114 104 l0lK iK K 9  iii 119 119 101 fi 
- 2.9 2.8 2.9 2.8 2.9 2.9 2.9 2.9 2.9 2.8 2.9 2.9 
14 ~ ' j ; j - ~ 7 4 ~ ~ 7 4 7 4 ~ - ~ ~  

- 3.6 3.5 3.3 3.5 3.6 3.6 3.1 3.9 3.3 3.9 4.1 3.1 
91 S s 8 4 8 9 9 T 9 1 9 4 9 9 8 4 9 9 1 0 4 9 4  

2.8 2.8 2.8 2.8 2.9 2.9 2.8 3.1 2.8 2.9 2.8 2.8 - 
71 i i - i i - i rK iT i r iT i i -T i i - i r7r  

- 4.4 4.5 3.6 3.6 4.3 4.0 4.1 4.4 4.0 3.9 4.0 4.4 
111 114 T a- E 9  liil K 9  111 101 99 lo1 iii 

- 2.9 2.8 2.9 2.93 2.9 2.93.12.9 3.1 2.9 2.9 
14 71 14 14 14 14 14 79 14 79 14 14 

3.3 3.3 3.3 3.5 3.5 35 3.2 3.2 3.3 3.3 3.3 3.6 
84 84848989E818-i-848484F - 

- 2.8 2.8 2.9 2.8 2.8 2.9 2.9 2.8 2.9 2.8 2.9 2.9 
71 ~ 7 4 ~ ~ 7 4 ~ ~ 7 4  71 14 14 

- 3.3 3.5 3.6 3.6 3.5 3.5 3.5 3.5 3.2 3.5 4.0 3.3 
84 91 91 89 89 89 89 81 89 101 84 
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COATING DEFECTS 

1 X  

) As Defected Prior to Testing 

(B) After 22 Reentry and Acoustic C and Acoustic Cycles 

FLIGHT SIMULATION TESTING OF PANEL NO. 4 

FIGURE 10-8 
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50 X 

CORRUGATION-SKIN JOINT OF PANEL NO. 6 AFTER 100 REENTRY 
CYCLES - EXTERNAL PRESSURE ENVIRONMENT 

FIGURE 10-10 

loo x 
SKIN CROSS-SECTION B 
100 REENTRY CYCLES - 

FIGURE 10-11 
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COATING DEFECT 

FIGURE 10-12 
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.1/8 IN. (0.32 cm) DIA 
COATING DEFECT 

0.36 X 1 x  

coustic Cycles (B) After 30 Reentry and 25 Acoustic Cycles 

FL IGHT SIMULATION TESTING 0 1 
FIGURE 10-13 
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on t h e  edge of t h e  r i b  s t i f f e n e r  would l e a d  t o  a f a i l u r e  earlier than  t h e  one 

l o c a t e d  on t h e  f l a t  of t h e  cor ruga t ion .  

r i b  would be more l i k e l y  t o  provide  a si te f o r  genera t ion  of a f a t i g u e  c rack ,  bu t  

t h i s  w a s  not  t h e  case as bo th  pane l s  ( r i b  and cor ruga t ion)  showed f a i l u r e s  at  very 

nea r ly  t h e  same number of cyc le s .  

edge of t h e  r i b  s t i f f e n e r  is  much more l i k e l y  t o  s u s t a i n  c o a t i n g  damage than  t h e  

f l a t  of t h e  co r ruga t ion  s t i f f e n e r .  

It would seem t h a t  t h e  t h i n  edge of t h e  

It  should be noted t h a t  i n  a c t u a l  p r a c t i c e  t h e  

The performance of a l l  defec ted  pane l s  ( r i b  and cor ruga t ion)  cons ider ing  t h e  

a c o u s t i c  condi t ions  and d e f e c t  s i z e  u t i l i z e d  revea led  t h a t  FS-85 columbium h e a t  

s h i e l d s  are q u i t e  t o l e r a n t  of l o c a l  coa t ing  damage. There were no immediate 

c a t a s t r o p h i c  . f a i l u r e s .  Even under t h e  seve re  a c o u s t i c  cond i t ions ,  a minimum 

c a p a b i l i t y  of 20 r e e n t r y  f l i g h t s  w e r e  shown f o r  defec ted  h e a t  s h i e l d s .  

t h a t  micrometeoroid damage dur ing  f l i g h t  would j eopa rd ize  r e e n t r y  are no longer  

Fears 

j u s t  i f  i e d  . 
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11.0 REUSE LIFE STUDIES OF R-512E COATED FS-85 COLUMBIUM ALLOY HEAT SHIELD PANELS 

The o b j e c t i v e  of t h i s  a d d i t i o n a l  work w a s  t o  f a b r i c a t e ,  coat  and test s u b s i z e  

columbium a l l o y  heat s h i e l d  p a n e l s  t o  determine t h e i r  t o t a l  s t r u c t u r a l  l i f e  and t o  

e s t a b l i s h  how long a f t e r  i n c i p i e n t  c o a t i n g  degrada t ion  they  ma in ta in  s t r u c t u r a l  

i n t e g r i t y .  

11.1 F a b r i c a t i o n  of H e a t  S h i e l d  P a n e l s  - The r i b  s t i f f e n e d  h e a t  s h i e l d  pane l  

w a s  designed,  optimized, and s i z e d  f o r  t h e  b a s i c  program assuming t h a t  it w a s  

r a d i a t i v e  and behaved as a secondary s t r u c t u r e  which carries p r e s s u r e  loads  only 

and no t  primary body loads .  

approximately 0.010" (0.025 cm) when hand l ing ,  welding, and c o a t i n g  are considered.  

Th i s  same r a t i o n a l e  w a s  used f o r  t h e  h e a t  s h i e l d  pane l s  used i n  t h i s  phase of t h e  

s tudy .  The 3" x 12" (7.5 c m  x 30 cm) r i b  s t i f f e n e d  p a n e l s  w e r e  u t i l i z e d  and are 

b a s i c a l l y  t h e  same as t h o s e  used earlier i n  t h e  program f o r  c o a t i n g  e v a l u a t i o n s .  

Also,  t h e  minimum s t r u c t u r a l  gage a l lowab le  w a s  

The FS-85 columbium a l l o y  w a s  used f o r  pane l  f a b r i c a t i o n .  S t a r t i n g  gages 

were 0.025" (0.063 cm) f o r  r i b  s t o c k  and 0.012'' (0.03 cm) f o r  s k i n  s tock .  The 

s k i n  w a s  j o i n e d  t o  t h e  r i b s  by EB welding through t h e  s k i n  t o  produce a j o i n t  

t h a t  i s  f r e e  of f ay ing  s u r f a c e s .  Nine p a n e l s  were f a b r i c a t e d  us ing  e s t a b l i s h e d  

f a b r i c a t i o n  techniques.  

11.2 Coating of Heat S h i e l d  Panels  - The R-512E c o a t i n g  w a s  a p p l i e d  by 

HiTemCo us ing  t h e  optimized n i t r o c e l l u l o s e  s l u r r y  (C-5) and p rocess ing  parameters  

developed i n  Sec t ion  8.0. The technique of applying a bead of s l u r r y  t o  a l l  pane l  

edges t o  improve c o a t i n g  r e l i a b i l i t y  w a s  employed. Average c o a t i n g  weight f o r  the 
2 n ine  pane l s  w a s  21.2 n;g/cn (determined by weighing).  

c o a t i n g  weight between pane l s  w a s  w i t h i n  - +0.5 mg/cm , (by weight) and t h e  ranges 
2 on i n d i v i d u a l  pane l s  w a s  w i t h i n  +3 - mg/cm (determined by Dermitron NDT). The 

average c o a t i n g  weight of 21.2 ng/cm2 i s  equ iva len t  t o  3 m i l s  (7.5 vm) of coa t ing  

th i ckness  p e r  s i d e .  

The scatter i n  average 
2 

11.3 T e s t i n g  of Heat Sh ie ld  Pane l s  - T e s t  c o n d i t i o n s  r ep resen ted  E a r t h  r e e n t r y  

f o r  a long c r o s s  range Space S h u t t l e  f l i g h t  and included s imulated r e e n t r y  p r o f i l e s  

e s t a b l i s h e d  i n  S e c t i o n  4.0.  Bending l o a d s  w e r e  app l i ed  t o  t h e  s u b s i z e  pane l s  by a 

s c i s s o r s  f i x t u r e ,  and temperature  and a i r  p r e s s u r e  w e r e  provided and c o n t r o l l e d  by 

a 7" (18 cm) diameter  Astrotube Furnace. The e n t i r e  pane l  w a s  placed i n  t h e  t e s t i n g  

fu rnace  and sub jec t ed  t o  t h e  e x t e r n a l  p r e s s u r e  environment of r e e n t r y  f l i g h t .  These 

are t h e  s a m e  test c o n d i t i o n s  and f a c i l i t i e s  which w e r e  u t i l i z e d  f o r  t e s t i n g  the 

s u b s i z e  ( (3"  x 12")(2.5 c m  x 30 c m ) )  p a n e l s  i n  Sec t ions  8.0, 9 .0 ,  and 10.0. 
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A p a r t  of t h e  f l i g h t  s i m u l a t i o n  which w a s  performed on each s u b s i z e  r i b  

s t i f f e n e d  pane l  w a s  a c o u s t i c  exposure t o  s i m u l a t e  the n o i s e  environment experienced 

during l i f t - o f f .  

cyc le s .  Since a c o u s t i c  l oad ing  produces f a t i g u e  which is  a cumulative c o n d i t i o n ,  

i t  w a s  f e l t  t h a t  grouping t h e  a c o u s t i c  tests w a s  s a t i s f a c t o r y  and s i n c e  t h e  l e v e l  

of exposure w a s  cons t an t ,  t h e  t o t a l  t i m e  w a s  t h e  most important  f a c t o r  i n  t h e  

s imula t ion .  The reasons and r a t i o n a l e  f o r  t h e  level  of a c o u s t i c  exposures s e l e c t e d  

w e r e  presented i n  S e c t i o n  4.0 f o r  t e s t i n g  of t h e  s u b s i z e  ( ( 3 "  x 12")(7.5 c m  x 30 cm)) 

panels  u t i l i z e d  i n  Sec t ions  8.0, 9.0 and 10.0. Fa t igue  f a i l u r e s  w e r e  generated a t  

a stress l e v e l  of 10,000 p s i  (69 MN/m ) i n  approximately 2860 sec ( t h e  a c o u s t i c  

environment a s s o c i a t e d  w i t h  100 r e e n t r y  c y c l e s ) .  The 10,000 p s i  (69 MN/m ) stress 

l e v e l  w a s  considerably h i g h e r  t han  t h a t  expected i n  f l i g h t  and w a s  designed t o  

produce f a t i g u e  i n  100 r e e n t r y  c y c l e s .  

Acoust ic  s i m u l a t i o n  w a s  accomplished a f t e r  each group of r e e n t r y  

2 

2 

Since t h e  o b j e c t i v e  of t h i s  s tudy  w a s  t o  determine t o t a l  s t r u c t u r a l  l i f e  o r  a 

minimum of 200 r e e n t r y  exposures f o r  each pane l ,  t h e  a c o u s t i c  exposure cond i t ions  

had t o  be  changed t o  achieve t h e  r e e n t r y  exposure d e s i r e d .  Because t h e  stress 

l e v e l  d i c t a t e s  t h e  f a t i g u e  l i f e ,  i t  w a s  decided t o  lower t h e  stress l e v e l  t o  

7500 p s i  (52 MN/m ) i n  o rde r  t o  a l low 200 r e e n t r y  cyc le s  wi thou t  f a t i g u i n g  t h e  

pane l s .  The stress l e v e l  s e l e c t e d  w a s  somewhat a r b i t r a r y  and w a s  s e l e c t e d  

cons ide r ing  t h e  f a c t  t h a t  a smal l  decrease i n  stress can produce o rde r s  of magnitude 

i n c r e a s e s  i n  f a t i g u e  l i f e .  

2 

1 1 . 4  T e s t  R e s u l t s  - Eigh t  (8) s u b s i z e  r i b  s t i f f e n e d  h e a t  s h i e l d  panels  were 

exposed t o  r e e n t r y  s i m u l a t i o n  i n c l u d i n g  a c o u s t i c  t e s t i n g .  A t o t a l  of 1600 r e e n t r y  

c y c l e s  were conducted; each of t h e  8 panels  w a s  exposed f o r  200 cyc le s .  E l a s t i c  

and c reep  d e f l e c t i o n  measurements were made p r i o r  t o  and a t  i n t e r v a l s  du r ing  

t e s t i n g .  

t h e  pane l s  a t  a load  ( 1 4 1  l b  (64 kg ) )  which produced a stress i n  t h e  o u t e r  p o r t i o n  

of t h e  r i b s  e q u a l  t o  77% of room temperature  y i e l d  f o r  coated FS-85 columbium 

a l l o y .  

over  an 11" (28 cm) span f o r  each pane l .  

E l a s t i c  d e f l e c t i o n  measurements were made under four-point  l oad ing  o f  

Creep d e f l e c t i o n  measurements w e r e  made w i t h  a s t r a i g h t  b a r  and micrometer 

R e s u l t s  of creep and e l a s t i c  d e f l e c t i o n  measurements are shown i n  Table 11-1. 

The c reep  measurements shown are cumulative d e f l e c t i o n s  from t i m e  0 c y c l e s .  The 

e l a s t i c  d e f l e c t i o n s  shown are t h e  r e s u l t s  measured a f te r  each group of r e e n t r y  

c y c l e s .  The c reep  and e l a s t i c  d e f l e c t i o n  r e s u l t s  are p resen ted  g r a p h i c a l l y  i n  

Figures  11-1 and 11-2. The creep d e f l e c t i o n  ra te  f o r  t h e  f i r s t  100-120 cyc le s  is  
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about 0.4 m i l / c y c l e  (10 um/cycle) which compares very f avorab ly  t o  t h e  creep rate 

of 0.45 m i l / c y c l e  (11.4 um/cycle) determined f o r  t h e  r i b  s t i f f e n e d  pane l s  eva lua ted  

i n  S e c t i o n  8.0. 

0.2 m i l / c y c l e  (5 um/cycle) . 
r e v e a l s  a change i n  e las t ic  d e f l e c t i o n  a f t e r  about t h e  same number (120) of r e e n t r y  

c y c l e s .  The e las t ic  d e f l e c t i o n s  i n c r e a s e  from 0 cyc le s  and reach a peak around 

100-150 cyc le s  w i t h  dec reas ing  d e f l e c t i o n s  on up t o  200 c y c l e s  where t e s t i n g  w a s  

terminated.  It  would seem t h a t  cont inued b a s e  m e t a l  consumption due t o  i n t e r -  

d i f f u s i o n  of t h e  c o a t i n g  and base  metal as r e e n t r y  exposure t i m e  i n c r e a s e s  would 

l e a d  t o  i n c r e a s i n g  e las t ic  and creep d e f l e c t i o n  because of reduced metal c r o s s  

s e c t i o n .  The base  metal consumption due t o  r e e n t r y  cyc l ing  t o  2400'F (13OOOC) 

should b e  about 0.5 m i l  (12.5 pm)/side a f t e r  100 r e e n t r y  c y c l e s .  

ev iden t  i n  t h e  e l a s t i c  d e f l e c t i o n s  f o r  t h e  f i r s t  100-150 c y c l e s  b u t  of  course i s  

n o t  d i s c e r n i b l e  i n  t h e  creep d e f l e c t i o n s .  

(10 ym)/cycle t o  0.2 m i l  (5 um)/cycle and t h e  dec rease  i n  e l a s t i c  d e f l e c t i o n s  

a f t e r  100-150 r e e n t r y  c y c l e s  can b e s t  b e  explained by a s t r e n g t h e n i n g  of t h e  

s u b s t r a t e  by s l i g h t  i n c r e a s e s  i n  t h e  i n t e r s t i t i a l  con ten t .  Th i s  i n c r e a s e  i n  

contaminants occurs  because o x i d a t i o n  of t h e  c o a t i n g  has progressed t o  t h e  p o i n t  

where t o t a l  p r o t e c t i o n  i s  n o t  be ing  provided. 

o x i d a t i o n  can b e  observed i n  Figure 11-3, which shows c r o s s  s e c t i o n  photomicrographs 

of a pane l  a f t e r  200 r e e n t r y  c y c l e s .  

A f t e r  100-120 c y c l e s  t h e  c reep  d e f l e c t i o n  rate decreased t o  about 

Examination of  t h e  elastic d e f l e c t i o n s  (Figure 11-2) 

Th i s  t r e n d  is  

The creep rate changes from 0.4 m i l  

This  contamination and coa t ing  

11.4.1 I n c i p i e n t  Coating Breakdown - The r e p r o d u c i b i l i t y  of t h e  optimized 

fused s l u r r y  s i l i c i d e  c o a t i n g  process  and t h e  c o a t i n g  q u a l i t y  w e r e  demonstrated t o  

b e  e x c e p t i o n a l l y  good. The f i r s t  i n c i p i e n t  coa t ing  f a i l u r e s  f o r  t h e  8 panels  

t e s t e d  d i d  not occur u n t i l  a f t e r  66 r e e n t r y  cyc le s  had been completed. Two panels  

showed no evidence of c o a t i n g  f a i l u r e s  u n t i l  a f t e r  200 cyc le s  had been completed. 

Photographs of each of t h e  e i g h t  p a n e l s  are shown a t  va r ious  s t a g e s  of t e s t i n g  

i n  Figures  11-4 through 11-11. Some of t h e  pane l s  look  w e l l  used,  b u t  a t  l ea s t  

95% of t h e  damage t h a t  w a s  i n c u r r e d  happened du r ing  t h e  l a s t  25 c y c l e s .  The 

appearance of t h e  pane l s  a f t e r  176  r e e n t r y  c y c l e s  w a s  v a s t l y  d i f f e r e n t .  With- 

s t a n d i n g  1 7 6  s imulated r e e n t r y  f l i g h t s  and maintaining good appearance is  considered 

a g r e a t  achievement. 

The t i m e s  t o  i n c i p i e n t  c o a t i n g  f a i l u r e  w e r e  examined s t a t i s t i c a l l y  u t i l i z i n g  a 

Weibull a n a l y s i s .  The Weibull d i s t r i b u t i o n  i s  one o f  t h e  more common and v e r s a t i l e  

mathematical  p r o b a b i l i t y  d e n s i t y  func t ions  t o  which e m p i r i c a l  l i f e  d a t a  can b e  

f i t t e d .  
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(a) After 66 Reentry and Acoustic Cycles 
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1x (b) After 176 Reentry and 
Acoustic Cycles 

(c) After 200 Reentry and 0.36X 

Acoustic Cycles 

F L I G H T  SIMULAT~ON TESTING OF PANEL NO. 1 
FIGURE 11-4 
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(a) After 110 Reentry and Acoustic Cycles 
1.2x 

(b) After 176 Reentry and Acoustic Cycles 

(c) After 200 Reentry and Acoustic Cycles 0.38X 

FLIGHT SI~ULATION TESTING PANEL 
FIGURE 11-7 
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(a) After 50 Reentry and Acoustic Cycles 0.36X 

1x 
(b) After 200 Reentry and 150 Acoustic Cycles 

0.36X 
(c) After 200 Reentry and Acoustic Cycles 

FIGURE 11-10 
FL IGHT SIMULATION TESTING OF PANEL NO. 8 
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(a) As Coated Prior to Testing 0.36X 

RIB SIDE 0.36X SKIN SIDE 0.36X 

(b) After 200 Reentry and Acoustic Cycles 

FIGURE 11-11 FLIGHT SIMULATION TESTING OF PANEL 
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The Weibull cumulative frequency f u n c t i o n  i s  expressed by t h e  mathematical  

r e l a t i o n s h i p  : 
B F ( t )  = 1 - exp (-5 + d e )  

Where F ( t )  = t h e  cumulative f a i l u r e s  expressed as a f r a c t i o n  of  t h e  o r i g i n a l  

sample l o t :  

t = t i m e  

c1 = t h e  t h r e s h o l d  o r  l o c a t i o n  parameter 

0 = t h e  t i m e  t o  f a i l u r e  of 63.2 percen t  of t h e  sample popula t ion  

B*  = t h e  shape parameter (b > 0).  

*For B = 1.0 t h e  d i s t r i b u t i o n  is  exponen t i a l ;  f o r  B = 3.34 t h e  normal 

d i s t r i b u t i o n  i s  approximated. 

Where t h e  number of test samples is less than f i f t y ,  t h e  r i s k  t h a t  t h e  e n t i r e  

popula t ion  i s  n o t  r ep resen ted  by t h e  test i n c r e a s e s  s u b s t a n t i a l l y .  

t h i s  r i s k ,  rank t a b l e s  are a v a i l a b l e  from a s o l u t i o n  of t h e  multinominal theorem of 

j o i n t  p r o b a b i l i t i e s  (Reference 1 ) .  These t a b l e s  relate t h e  cumulative f a i l u r e s  

w i t h i n  a given sample s i z e  t o  t h e . p e r c e n t a g e  va lues  which would b e  ob ta ined  had an 

i n f i n i t e  number of samples been t e s t e d .  

percent  l e v e l  (median) i n  which a g iven  cumulative f a i l u r e  percentage  has  an 

equal  p r o b a b i l i t y  of being e i t h e r  g r e a t e r  o r  smaller i f  t h e  t o t a l  popula t ion  w e r e  

t e s t e d ,  t h e  95 percent  l e v e l  a t  which a l l  b u t  5 percent  of t h e  t o t a l  popula t ion  

would rank below t h e  s p e c i f i e d  l e v e l ,  and t h e  5 pe rcen t  l e v e l  above which 95 

percent  of t h e  t o t a l  popula t ion  would b e  ranked. 

shown i n  Tables  11-2, 11-3, and 11-4, bands encompassing 90 percent  of t h e  t o t a l  

popula t ion  of test d a t a  can b e  genera ted  from tests of r e l a t i v e l y  small numbers 

of samples. 

To minimize 

Ranks have been c a l c u l a t e d  f o r  t h e  50 

With t h e s e  t a b l e s ,  which are 

Examination of t i m e s  t o  i n c i p i e n t  coa t ing  f a i l u r e  f o r  t h e  8 panel  specimens 

revea led  t h e  fo l lowing  d a t a :  

PANEL SPECIMEN NO. TIME TO INCIPIENT COATING FAILURES (CYCLES) 

1 66 

2 66 

3 66 

5 110 

6 154 

7 176 

8 200 

9 200 
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TABLE 11-3 

95% RANKS 

-____ .  .9747 -8646 .7514 .6574 .5818 .5207 ,4707 .4291 .3942 .3644 .3387 .3163 2967 2794 2640 2525 2411 2296 2182 
__________r_ .  9830 -9024 .8107 .7287 .6587 ,5997 S496 SO69 .4701 ,4381 ,4101 .3854 .3634 .3438 .3262 .3129 2995 2862 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  .9873 -9236 A468 .7747 ,7108 A551 .6076 .5644 S273 .4946 .4657 .4398 .4166 .3956 .3767 .3621 .3475 
----- - -__-  ---- -- ---- --- .9898 .9371 A713 .8071 .7486 .6965 ,6502 .6091 S726 S400 A 0 7  .4844 .4605 .4389 ,4191 .4036 
- - -_-_____-- - - - - - -_-  ------_-- .9915 .9466 A889 .8312 .7776 “7287 ,6848 ,6452 .6096 ,5774 ,5483 S219 ,4978 .4758 .4556 
- -____  - _ _ _ - _ _ _ _ _ _ _ _  _ _ - _ _ _  - _ _ _  _ _  _ _  - .9926 .9532 .9032 .8500 .7993 ,7535 .7117 A737 .6392 .6078 3792 S540 .5289 SO68 
- _ _ _  _ _  _ _ _  _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  ,9935 .9590 .9127 .8637 .8176 .7745 .7348 .6984 .6650 ,6458 ,6063 S804 .5566 
. _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  - _ _ _  _ _ _ _ _ _ _  _ _  - _ r _ r _ _ _ _ _ - -  .9943 .9632 .9200 .8755 .8329 .7918 .7541 ,7195 A869 .6571 .6297 .6043 
________________________________________-____---_--- .9949 .9667 ,9281 .8873 ,8473 .8091 .7733 .7399 .7088 ,6799 .6531 
_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ -__ -  ------------ -- - - -__ .9935 .9693 .9335 A953 33576 A214 .7872 .7551 .7251 .6971 
______________________c_____c___________--------  - - _ - _ _ _ _ _ _ _ _  - _ _ _  ,9957 .9719 .9389 .9033 .8679 A336 .8010 .7702 .7413 
_ _ _ _ _ _  ________________-__________ _ _  _ _ _ _ - - _ - _ _ r  - -___--  -_____-___- -_  _ _  __-  .9960 .9737 .9426 .go90 .8753 A425 A113 .7817 
- -__ _ _ _ _ _ _ _ _ _ r _ _ _ _ _ _ _ _ _ _ _ _ - _  _ _ _ _ _  _ _ _ _ _  - - _ _ _  - - - _ _  _ _ _  ________________________. .9963 .9755 .9464 ,9146 .8827 .8525 .8215 
. _ _ _  _ _ _ _  _ _ _  _ _ _  _ _ _  _ _ _ _  _ _  _ _ _ _  - _ _ _ _  - _ - _ _  - _ - _ _ _  _ - _ _ - _ _  - _ _ _ _ _ _  _ _  _ _  _ - _ _ _ _  _ _ - _ _ _ _  _ _ _ _  _ - .9966 .9773 .9501 .9a3 A901 ,8604 _ _ _  _ _ _ _ _  _ _ _  - - - _ _ _  _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _________________________________________-  _ _ _ _ _ _ _  .9968 ,9784 .9534 .9239 .8949 
_ _ _ _ _ _ _  _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  _ _  _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - _ _ _  ________-______________________________ .9970 .9795 .95% .9275 
-____________________________________________-___-_____________-________-__-_-__--________________--  .9971 .9806 ,9571 
________________________________________---___-_-_______-___ ~ ________________________________________-- -- .9972 9817 
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_ _ _ _ _  .2236 .1354 .0976 .0764 .9629 .0534 ,0468 ,0410 .0368 .0333 .0307 .0281 ,0263 .0245 .0227 .0216 .0205 .0194 .OM3 
_ _  _ _  _ _ _ _ _ _ - ,3684 .2486 .1893 .1532 ,1287 .1111 .0978 .0873 .0800 ,0719 .0665 ,0611 .0574 ,0536 .0499 .0476 .0452 ,0429 
_ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _  ,4729 .3426 .2713 ,2253 .1929 .1688 3 0 0  .1363 .1245 .1127 ,1047 .0967 .0910 .0854 .0797 .0761 ,0725 
---- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ,5493 -4182 .3413 ,2892 ,2514 .2224 .2007 .1824 ,1671 .1527 .1424 ,1321 J247 ,1173 ,1099 .lo51 
------ . . . . . . . . . . . . . . . . . . . . . . .  .6070 ,4793 ,4003 .3449 .3035 .2713 .2465 .2255 .2082 .1909 .1786 .1664 .1575 .1485 .1396 
. - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _  - _ _ _ _ _ _ _ _  ___----. .6518 S293 ,4504 .3934 ,3498 .3152 .2883 .2652 ,2459 .2267 .2128 .1990 .1887 ,1785 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ,6877 3789 .4931 .4356 ,3909 .3548 -3263 ,3016 .2805 .2601 .2449 ,2298 .2183 
- _ - - _ _ - _ _ _ _ _  _ __- _ - _ _ _  _ _ _ _  _ _ _  _ _  -_____ _ _ _ _ _ _  _ _  - _. .7169 .6058 3299 .4727 ,4274 .3904 .3608 -3350 .3131 .2912 .2749 .2587 
.--______________________________________-_-__-__--_. .7411 ,6356 S619 3054 .4600 .4226 .3922 ,3542 .3429 .3201 .3029 
_ _ _  - - - - - _ _ _  - ”  _ _ _  _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  .7616 ,6613 S899 5343 .4893 .4517 .4208 .3937 .3703 .3469 
. _ _ _ _ _ _ _ _ _ _  _ _  _ _ _ _ _ _ _ _ _ _ _  - _ _ _ _  _ _ _ _ _ _ _  _ _  - - - _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _  .7791 .6837 .6146 S602 .5156 .4781 .4460 ,4196 .3957 
- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ ~ _ _ _ _ _ _ - _ _ _ _ _ _ _ ~  .7942 .7033 .6366 3834 S395 -5022 .4711 .4434 
. - - - - - - - _ _  _ _  - _ _ _  _ _  - - _ - - _ _ _  _ - - _ _ - - - _ _ _  _ _ _  - - - _ _ - _ _ _ _ _ _ _  _ - _ _ _ - - _ _  _ _ _ _  _ _  _ _ - _ _ _ A074 .7206 .6562 .6044 S611 S242 ,4932 
________________________________________-___-_____-_-__-_--_-___-_-_----__------_- A190 .7360 -6738 .6233 3809 S444 

- _ _ _  _ _  _ _ _ _ _ _  . . . . . . . . . . . . . . . . . . . . . .  _ _  _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  .8274 .7475 .6871 .6379 S964 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ - _ _ _ _ _ - - _ - - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ - - _ _ - - - _ _ _ _ _ _ _ - - - - - - .  A358 .7589 .7005 .6525 
- - _ _  - -- - - - _ _ _  - - - - - - - - _ - - - _ - _ - - - _ _  _ _ _ _  _ _ _ _ _ _  _ _ - _ - - _ - _ _ _  _ - - _ _  - _ _ _  _ _  _ _ _  - _ - _ - _ - _ _ _ _ _  _ _  _ _ _ _ _  _ _  - _ _ _ _ _  _ _  . .8441 .7704 .7 138 
. _ - - _ - _ - - - - - - _ _  - - - - - - - - - - _ - _ - - _ - _ - _ - - - - - _ _  _ _ _ _  _ - _ _ _ _  - - _ _  - _ _  _ _ _  - - _ _ _ _ _ _  _ _  - _ _ _  - _ _ _ _  - _ _ - _ _  _ _ _  - _ _  _ _  - - _ _ _  - _ - - .E25 .7818 

_ _ _ _ _ _ _ _ r  __________________________________________________-__-__-_--_- -  _ _ _ _ _ _  A609 
Regrouping t h e s e  d a t a  i n  terms of f a i l u r e  t i m e  and cumulative f a i l u r e s  wi th  t h e  

corresponding rank levels  f o r  an eight-sample test y i e l d s  t h e  fol lowing:  

TIME TO CUMULATIVE RANK 
FAILURE (CYCLES) FAILURES MEDIAN 9 5% 5% 

66 

110 

154 

176 

200 

3 32 

4 44 

5 56 

6 6 8  

8 9 2  

60 11 

71 1 9  

81 29 

89 40 

99 69 

These d a t a  are shown p l o t t e d  on Weibull  p r o b a b i l i t y  paper  i n  F igure  11-12. I n  

cons t ruc t ing  t h i s  p l o t  t h e  median rank  p o i n t s  were f i t t e d  wi th  s t r a i g h t  l i n e s  and 

t h e  95% and 5% bands l o c a t e d  from t h e s e  l i n e s  w i t h  smooth curves .  The Weibull  

p l o t  c l e a r l y  shows a mixed d i s t r i b u t i o n  c o n s i s t i n g  of two segments. The s l o p e  of 

t h e  f i r s t  segment is  very  nea r  u n i t y  i n d i c a t i n g  random occurrence of f a i l u r e s  i n  

t h i s  reg ion .  A t  approximately 156 r e e n t r y  cyc le s ,  wearout becomes t h e  predominant 

mechanism of f a i l u r e .  The p ropor t ion  of t h e  popula t ion  (60%) which showed random 

f a i l u r e s  i s  e s t ima ted  by dropping a ver t ica l  l i n e  from t h e  upper bound of t h e  
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wearout d i s t r i b u t i o n  l i n e  t o  t h e  i n t e r s e c t i o n  of t h e  e x t r a p o l a t e d  random d i s t r i b u -  

t i o n  l i n e  and r ead ing  t h e  p ropor t ion  from t h i s  p o i n t  o f f  t h e  cumulative d i s t r i b u t i o n  

s c a l e .  

i n i t i a t e  i f  t h e r e  w e r e  no random f a i l u r e s  and i s  es t ima ted  by e x t r a p o l a t i n g  t h e  

wearout curve t o  t h e  lower boundary of the graph. I n  t h i s  case t h e  th re sho ld  

parameter i s  80 cyc le s .  The randomly occur r ing  i n c i p i e n t  coa t ing  f a i l u r e s  probably 

r ep resen t  weak areas such as t h i n  s p o t s  o r  c r acks ,  which f a i l  p r i o r  t o  t h e  onse t  of 

gene ra l  coa t ing  degrada t ion .  A l l  i n c i p i e n t  coa t ing  f a i l u r e s ,  except  one, occurred 

at t h e  edges of  pane l  s k i n s ,  r i b s ,  o r  s t r a p s .  The r e l a t i v e l y  h igh  percentage of 

random i n c i p i e n t  coa t ing  f a i l u r e s  i n d i c a t e s  t h a t  a s i g n i f i c a n t  i n c r e a s e  i n  

r e l i a b i l i t y  could b e  r e a l i z e d  i f  t h e  edge coa t ing  process  w e r e  f u r t h e r  improved. 

The t h r e s h o l d  parameter r e p r e s e n t s  t h e  t i m e  a t  which wearout f a i l u r e s  would 

1 1 . 4 . 2  S t r u c t u r a l  Performance - A s  conceived,  t h e  eva lua t ion  t e s t i n g  i n  t h i s  

s tudy would determine t h e  t i m e  t o  i n c i p i e n t  coa t ing  f a i l u r e  and t h e  t i m e  a f t e r  

i n c i p i e n t  coa t ing  f a i l u r e  dur ing  which s t r u c t u r a l  i n t e g r i t y  would be  maintained.  

A time l i m i t  of 200 r een t ry  c y c l e s  w a s  imposed i n  o r d e r  t o  c o n t r o l  c o s t s ,  bu t  a l s o  

i t  w a s  f e l t  t h a t  200 c y c l e s  would be  s u f f i c i e n t  t i m e  t o  determine s t r u c t u r a l  l i f e .  

F l i g h t  s imula t ion  t e s t i n g  of a l l  e i g h t  pane ls  was te rmina ted  a f t e r  200 cyc le s  

of exposure.  Seven of t h e  e i g h t  pane ls  were s t r u c t u r a l l y  capable  .of suppor t ing  

design loads  a f t e r  200 cyc le s .  One pane l  (No. 7 )  had s t r u c t u r a l  d e t e r i o r a t i o n ,  

which r e s u l t e d  from f a t i g u e  caused by t h e  a c o u s t i c  s imula t ion .  The f a t i g u e  f a i l u r e  

and r e s u l t i n g  f r a c t u r e  of t h i s  pane l  occur red  through a coa t ing  f a i l u r e  s i t e  on t h e  

edge of one of t h e  r i b  s t i f f e n e r s .  The i n c i p i e n t  coa t ing  f a i l u r e  s i t e  on t h i s  

pane l  ( r ib- loading  s t r a p  j u n c t i o n )  which occurred a f t e r  66 cyc le s  w a s  no t  t h e  

f a t i g u e  f r a c t u r e  s i t e .  The c o a t i n g  f a i l u r e  s i t e  which l e d  t o  f a t i g u e  f a i l u r e  

occurred somewhere between 154 and 176 r e e n t r y  c y c l e s ,  It  w a s  shown i n  t h e  coa t ing  

damage s t u d i e s  t h a t  coa t ing  f a i l u r e  o r  damage s i tes  l o c a t e d  on t h e  edge of t h e  r i b  

s t i f f e n e r s  would l e a d  t o  f a t i g u e  f a i l u r e s  a t  10,000 p s i  ( 6 9  MN/m ) induced by 

a c o u s t i c  loading  i n  about 20 cyc le s .  The 7 5 0 0  p s i  ( 5 2  MN/m ) loading  induced by 

a c o u s t i c s  i n  t h e s e  tests d i d  not  cause f a t i g u e  f a i l u r e  u n t i l  25-45 cyc le s .  The r i b  

coa t ing  f a i l u r e  on Panel  No. 7 w a s  t h e  only r i b  coa t ing  f a i l u r e  t h a t  had progressed 

by ox ida t ion  t o  a p o i n t  t o  a f f e c t  s t r u c t u r a l  i n t e g r i t y .  

(No. 1) had any r i b  c o a t i n g  f a i l u r e  and t h i s  w a s  a f t e r  176  cyc le s .  It w a s  a very 

s m a l l  s i t e  and d i d  n o t  p rogres s  t o  a p o i n t  t o  cause  any s t r u c t u r a l  damage. 

2 

2 

Only one o t h e r  pane l  

Other i n c i p i e n t  coa t ing  f a i l u r e s  of t h e  combined group of pane ls  w e r e  found a t  

most edge l o c a t i o n s .  None of t h e s e  i n c i p i e n t  c o a t i n g  f a i l u r e s  l e d  t o  l o s s  of 
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of  t h e  panel.  Some f a i l u r e s  occurred a t  66 r e e n t r y  c y c l e s  

which means t h a t  more than  134 a d d i t i o n a l  r e e n t r y  c y c l e s  are requ i r ed  b e f o r e  

s t r u c t u r a l  i n t e g r i t y  i s  a f f e c t e d .  

w i t h  t h e  s k i n  on t h e  pane l s  caused h o l e s ,  by consumption due t o  o x i d a t i o n ,  which 

would become unacceptable  because of aerodynamic c o n s i d e r a t i o n s  long  b e f o r e  

s t r u c t u r a l  i n t e g r i t y  w a s  a f f e c t e d .  

an area t h a t  w a s  s t r u c t u r a l l y  c r i t i ca l  i n  an a c o u s t i c  environment which gene ra t e s  
2 

7500 p s i  (52 MN/m ) should e a r l y  c o a t i n g  f a i l u r e s  occur .  The 7500 p s i  (52 MN/m2) 

i s  s t i l l  considered w e l l  above a n t i c i p a t e d  a c o u s t i c  generated stress levels f o r  

f u l l  s i z e  columbium h e a t  s h i e l d  pane l s .  

t e s t e d ,  a 100 f l i g h t  s t r u c t u r a l  l i f e  is  a c e r t a i n t y .  

A l l  of t h e  i n c i p i e n t  c o a t i n g  f a i l u r e s  a s s o c i a t e d  

Only t h e  edges of t h e  r i b  s t i f f e n e r s  p re sen ted  

Based on t h e  r e s u l t s  of t h e  e i g h t  p a n e l s  

11.4.3 NDT Coating Thickness Data - Table 11-5 p r e s e n t s  t h e  r e s u l t s  of non- 

d e s t r u c t i v e  coa t ing  t h i c k n e s s  measurements made on t h e  e i g h t  h e a t  s h i e l d  panels  

b e f o r e  and a f t e r  f l i g h t  s i m u l a t i o n  f o r  200 cyc le s .  

dev ice  w a s  used f o r  t h e  t h i c k n e s s  measurements. E x c e l l e n t  c o a t i n g  uniformity w a s  

r evea led  f o r  a l l  p a n e l s  i n  t h e  "as coated" cond i t ion .  

The Dermitron eddy c u r r e n t  

Thickness measurements made a f te r  200 r e e n t r y  c y c l e s  w e r e  made w i t h  some 

cons ide rab le  d i f f i c u l t y  because of t h e  wrinkled o r  warped cond i t ion  of t h e  s k i n .  

The warped c o n d i t i o n  of t h e  s k i n  e x i s t e d  p r i o r  t o  r e e n t r y  c y c l i n g ,  b u t  w a s  made 

worse because of t h e  compressive f o r c e s  i n  t h e  s k i n  from r e e n t r y  load  s i m u l a t i o n ,  

Coating t h i c k n e s s  i n c r e a s e  due t o  c y c l i n g  f o r  200 t i m e s  w a s  i nc reased  from 75 t o  

100% on t h e  average. Th i s  compares t o  a 30 t o  50% average i n c r e a s e  f o r  R-512E 

coated FS-85 p a n e l s  exposed f o r  100 r e e n t r y  c y c l e s .  Backside ( s t i f f e n e r  s i d e )  of 

t h e  pane l s  showed a s l i g h t l y  l a r g e r  i n c r e a s e  i n  c o a t i n g  th i ckness  than t h e  s k i n  

s i d e .  

t o  lower compression stresses which would cause less s p a l l i n g  of t h e  c o a t i n g  oxide.  
This could b e  due t o  g r e a t e r  a i r  f low exposure,  t h u s  more c o a t i n g  oxide,  o r  
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TABLE 11-5 

NDT DERMITRON COATING THICKNESS ON R-512E COATED 
FS-85 SUBSIZE PANELS 

COATING THICKNESS MILS/ pm A T  LOCATION 

1 2  3 4 5 6 7 8 9 1 0  11 1 2 1 3 1 4 1 5 1 6  

3.3 3.2 3.2 3.7 3.3 3.3 3.7 3.9 3.2 3.3 3.2 3.3 3.2 3.7 3.1 3 S  
8 4 8 1 8 1  -5i 84 8 4 9 4  99 8 1 8 4  8 1 8 4 8 1 9 4 7 9 7 9  

4.7 4.0 5.1 5.2 3.9 4,l 
157 143 157 157 136 133 119 101 130 133 99 104 
- 6.1 !iAfl!iA5.35.2 - _ _ _ _ _ - -  

3.1 3.1 3-9 3.5 3.3 3.1 3.2 3.5 3.3 3.5 3.3 3.3 3.6 3.1 3.2 3.3 --- 
79 79 9 9 8 9 8 4 7 9 8 1 8 9 8 4 8 9 8 4 8 4 9 1 7 9 8 1 8 4  

6.9 7.1 5.9 5.7 5.1 5.3 
177 182151146130136 - 6.1 5.6 5,l 5.5 3.7 3.9 

157 143 130 141 94 3 ----- 

- 2.9 3.1 3.2 3.5 3.3 3.3 3.7 3.6 3.1 3.1 3.1 3.2 3.2 3.3 2.9 2.8 
74 79 81 8984 84 94 91 79 7979 81 81 847471  

7.3 7.1 5.6 5.9 4.8 4.5 
187 182 143 151 121 114 - _ _ _ _ - -  5.7 6.0 7.3 5.9 4.4 4.7 

146 154 187 151 111 119 - - -  

3.1 3.2 3.6 3.6 3.5 3.3 3.6 3.6 3.2 3.3 3.2 3.3 3.6 3.2 3.1 3.3 
7 9 8 1 9 1 9 1 8 9 8 4 9 1 9 1 8 1 8 4 8 1 8 4 9 1 8 1 7 9 8 4  

5.1 - 5.9 5.6 3.6 3.9 
1 5 1 1 4 3 9 1 9 9  

81 89 91 84 84 84 81 91 81 8484 81 89 89 84 89 

- - 6.1 6.9 5.9 5.6 5.6 ---- 
157 177 151 143 143 130 

- 3.2 3.5 3.6 3.3 3.3 3.3 3.2 3.6 3.2 3.3 3.3 3.2 3.5 3.5 3.3 3.5 

-- 6.5 6.7 5.6 5.9 5.9 5,6 
167 172 143 151 151 143 

5.5 5.5 5.9 4.8 3.1 3.9 
141 141 151 121 94 99 
----- 

3.1 2.9 3.3 3.6 3.1 3.5 3.5 3.2 3.3 3.2 3.2 3.2 3.2 3.5 3.1 3.1 - 
79 74 84 91 94 89 89 81 84 81 81 81 81 89 79 79 

NOT MEASURED 

- 3.1 3.1 3.5 3.3 3.3 3.3 3.3 3.6 3.1 3.2 3.3 3.3 3.1 3.5 2.9 3.2 
7 9 7 9 8 9 8 4 8 4 8 4 8 4  -a 7 9 8 1 8 4 8 4 7 9 8 9 7 4 8 1  

6.3 6.4 5.9 5.3 4.3 4.4 
162 164151136109111 - 5.9 5.3 5.3 4.5 3.7 3.7 

151 136 136 114- 99 - 

--- 3.2 3.2 3.6 3.9 3.2 3.2 3.2 3.5 3.1 3.2 3.3 3.5 3.5 3.6 3.3 3.2 
81 81 9 1 9 9 8 1 8 1 8 1 8 9 7 9 8 1 8 4 8 9 8 9 9 1 8 4 8 1  

6.1 6.1 5.5 5-6 5.6 5.3 
157 157 141 143 143 136 ----- 4.9 4.8 4.8 5.3 4.4 4.4 

125 121 121 136 111 5 ---- 
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IV 
DISCUSSION OF RESULTS 

Th i s  program had a two f o l d  o b j e c t i v e  o f :  

(1) C h a r a c t e r i z a t i o n  and e v a l u a t i o n  of fused s l u r r y  s i l i c i d e  coated columbium 

a l l o y s  f o r  Space S h u t t l e  h e a t  s h i e l d  a p p l i c a t i o n s  w i t h  100 f l i g h t  r e u s e  

c a p a b i l i t y  , and 

(2)  Fused s l u r r y  s i l i c i d e  coa t ing  process  op t imiza t ion  and scale-up develop- 

ment f o r  uniform and reproducib le  coa t ing  of f u l l  s i z e  columbium a l l o y  

h e a t  s h i e l d  pane ls .  

The 100 r e e n t r y  f l i g h t  s t r u c t u r a l  r euse  c a p a b i l i t y  of fused s l u r r y  s i l i c i d e  coated 

columbium a l l o y  r e e n t r y  heat s h i e l d s  w a s  demonstrated and w i t h  a cons iderable  margin 

of s a f e t y .  

ened hea t  s h i e l d  pane ls  w a s  v e r i f i e d  by t h e  coa t ing  and t e s t i n g  of 30 subs i ze  pane ls  

and by coa t ing  4 f u l l  s i z e  pane l s .  

Also t h e  uniform and r ep roduc ib le  coa t ing  of r i b  and co r ruga t ion  s t i f f -  

The r e s u l t s  of experimental  a c t i v i t i e s  conducted du r ing  p u r s u i t  of t h e  program 

o b j e c t i v e s  are d iscussed  i n  t h e  fo l lowing  paragraphs.  

Charac t e r i za t ion  and Evalua t ion  of Columbium Alloys - Five  columbium a l l o y s  

were eva lua ted  i n  a series of e v a l u a t i o n  tests t o  determine t h e  optimum a l l o y  f o r  

Space S h u t t l e  h e a t  s h i e l d s .  Evalua t ions  inc luded  a w e l d a b i l i t y  tes t ,  d u c t i l e  t o  

b r i t t l e  t r a n s i t i o n  temperature  t es t ,  and mechanical p rope r ty  changes due t o  coa t ing  

and reuse .  

A l l  f i v e  a l l o y s  s u c c e s s f u l l y  passed a welding test i n  which a c i r c u l a r  weld 

w a s  made on a r e s t r a i n e d  s h e e t  of material and v i s u a l l y  examined f o r  cracking.  

test as conducted w a s  no t  s eve re  because t h e  t h i n  gage s h e e t  used warped thus  

r e l i e v i n g  c r e a t e d  weld stresses. 

The 

D u c t i l e  t o  b r i t t l e  t r a n s i t i o n  temperature  (DBTT) tests were conducted as a 

measure of f a b r i c a b i l i t y .  

i n  a b r i t t l e  manner and above which i t  f a i l s  i n  a d u c t i l e  manner. Because of t h e  

many f a c t o r s  which can cause i n c r e a s e s  i n  DBTT, a low DBTT is d e s i r e d .  When t h e  

DBTT i s  room tempera ture ,  o r  above, f a b r i c a t i o n  r e q u i r i n g  bending and welding 

The DBTT is t h e  temperature  below which a metal f a i l s  

becomes very d i f f i c u l t  and a t  t i m e s  almost impossible .  

WC-3015 a l l o y  would make f a b r i c a t i o n  and handl ing of t h i n  gage h e a t  s h i e l d s  very 

d i f f i c u l t .  

The high DBTT f o r  t h e  

The moderately low DBTT f o r  t h e  B-66 a l l o y  is  no t  as low as d e s i r e d  

because s l i g h t  v a r i a t i o n s  i n  chemistry o r  annea l ing  temperature  could raise t h e  

DBTT above room temperature .  The o t h e r  t h r e e  a l l o y s ,  Cb-752, FS-85, and C-129YY 
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have DBTT's t h a t  are low enough t o  a l low v a r i a t i o n s  i n  t h e  parameters  t h a t  a f f e c t  

DBTT and still remain below room temperature .  

The e f f e c t s  of coa t ing  and r e u s e  on t h e  mechanical p r o p e r t i e s  of t h e  f i v e  

columbium a l l o y s  were determined. 

s t r e n g t h  f o r  any of t h e  f i v e  a l l o y s .  

The c o a t i n g  caused no loss of u l t i m a t e  o r  y i e l d  

There w a s  a l o s s  i n  t e n s i l e  e longa t ion  f o r  

a l l  a l l o y s ,  bu t  t h e  only d r a s t i c  l o s s e s  w e r e  f o r  WC-3015 and B-66 which were 80 

and 90%, r e s p e c t i v e l y .  

i n  s t r e n g t h  due t o  r e e n t r y  cyc l ing .  

decreased t o  t h e  same s t r e n g t h  levels as t h e  o t h e r  a l l o y s  a f t e r  r e e n t r y  cyc l ing .  

Defec t ing  produced a l o s s  of s t r e n g t h  a t  room temperature  on t h e  average of about 

30% f o r  a l l  a l l o y s  except  t h e  WC-3015 which showed e s s e n t i a l l y  no l o s s  due t o  

d e f e c t i n g  and r e e n t r y  c y c l i n g  up t o  t h e  exposure times (50 cyc les )  used i n  t h e s e  

tests. The l o s s  i n  R.T. s t r e n g t h  due t o  d e f e c t i n g  and subsequent r e e n t r y  cyc l ing  

f o r  Cb-742, FS-85, C-129YY and B-66 w a s  g radua l ly  r e s t o r e d  w i t h  i n c r e a s i n g  test 

temperature  t o  2400°F (13OO0C) where defec ted  and nondefected s t r e n g t h s  w e r e  

approximately t h e  same. 

which i n c r e a s e s  wi th  temperature.  The l a c k  of s t r e n g t h  r educ t ion ,  due t o  d e f e c t i n g  

f o r  t h e  WC-301.5, i s  a very d e s i r a b l e  proper ty  i n  an a l l o y .  I f  d u c t i l i t y  could be 

improved without  l o s i n g  t h e  d e s i r a b l e  a t t r i b u t e  of d e f e c t  t o l e r a n c e ,  t h i s  a l l o y  

should r ece ive  more cons ide ra t ion  f o r  h e a t  s h i e l d  u t i l i z a t i o n .  

The WC-3015 w a s  t h e  only a l l o y  t o  show a l a r g e  l o s s  (Q 35%) 

The room temperature  s t r e n g t h  of t h e  WC-3015 

Th i s  r e s t o r a t i o n  of s t r e n g t h  must be  r e l a t e d  t o  d u c t i l i t y  

Cb-752, FS-85, and C-129Y a l l o y s  were s e l e c t e d  f o r  f u r t h e r  e v a l u a t i o n  as 

min ia tu re  hea t  s h i e l d  pane l s  on t h e  b a s i s  of t h e i r  performance i n  t h e  mechanical 

p rope r ty  r euse  eva lua t ion .  The WC-3015 w a s  no t  chosen because i t  has  a h igh  DBTT 

and a low t e n s i l e  e longa t ion  a f t e r  r euse  cyc l ing .  

p r i m a r i l y  because of t h e  poorer  performance i n  d e f e c t  s e n s i t i v i t y  tests;  secondar i ly  

because of l a c k  of a v a i l a b i l i t y .  

The B-66 w a s  no t  s e l e c t e d  

Coating Study For Columbium Al loy  C-129Y and FS-85 - This  s tudy  w a s  performed 

t o  select a coa t ing  chemistry f o r  t h e  C-129Y and FS-85 a l l o y s  t h a t  would o f f e r  

b e t t e r  p r o t e c t i v e n e s s  than  t h e  R-512E (Si-20Cr-20Fe) coa t ing  which w a s  developed 

f o r  Cb-752. The b a s i c  conclus ion  w a s  t h a t  t h e  coa t ing  compositions which showed 

t h e  most promist  f o r  i nc reased  l i f e  involved t h e  chromium-iron modified coa t ings  

wi th  h ighe r  t han  20% chromium con ten t .  The b e s t  performing coa t ing  on FS-85 w a s  

Si-40Cr-ZOFe and t h e  b e s t  performing coa t ing  on C-129Y w a s  Si-35Cr-20Fe. 

d e c i s i o n  w a s  made no t  t o  change t o  t h e  35 o r  40% C r  conten t  coa t ings  f o r  t h e  

remainder of t h e  program because t h e  improvement i n  l i f e  w a s  no t  considered 

The 
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significant enough to warrant a change. 

reduces the life of the R-512E coating. 

times, higher pressures in the firing furnace and coverings or shields for parts 

during firing to prevent direct vapor loss of chromium are a few possibilities for 
reducing this loss. 

Some chromium is lost during firing which 

Lower firing temperatures, shorter firinf 

Selection of Optimum Columbium Alloy for Reusable Heat Shield Applications - 
Selection of the optimum columbium alloy for reusable heat shields was made based 

on studies of the effects of multiple cycle reuse on coating emittance, coating 

chemistry and structure and structural integrity of heat shield panels. 

of emittance and coating chemistry/structure studies were used in conjunction with 

mechanical property data to make the preliminary selection of three alloys for heat 

shield structural studies. 

Results 

Because of difficulties encountered in attaching thermocouples directly to the 

thin sheet samples, a new method using ultraviolet pyrometry was developed to deter- 
mine the emittance. 

the thermocouple infrared detector and the optical pyrometer outputs. 

was affected very slightly by reentry cycling or reuse. 

tial trend of lower emittance with increasing reuse but this stops around 20 cycles 

and increases from this point with continued cycling. 

conducted to determine if R-512E coatings applied from acrylic base slurries and 
modified (higher chromium content) coatings would affect emittance under reuse 

conditions. The coating produced from an acrylic based slurry showed the same 

emittance response to reentry cycling as the coating produced from the nitrocellu- 

lose base slurry. The modified R-512E (45Si-35Cr-20Fe) coating had a slightly 

lower emittance for the first 25 reentry cycles than the normal R-512E 

(60Si-20Cr-20Fe) coating. 

It was thought that the higher chromium content would produce a coating with a 

higher emittance. 

for any increases in emittance. It may well be the iron content or the combined 

chromium and iron content. 

Temperature and emittance were calculated by iteration from 
Emittance 

There is however an ini- 

Other emittance tests were 

After 25 cycles the emittances were basically the same. 

The chromium content alone is apparently not totally responsible 

R-512E coated Cb-752, FS-85, C-l29Y, B-66 and WC-3015 were examined with 

x-ray diffraction and x-ray fluorescence techniques to study the effects of reuse 

on coating surface chemistry. 

studies was that the FS-85/R-512E system showed an increase in the chromium and 

iron coating modifiers on the surface while the C-129Y/R-512E system showed a 

The major observation from the x-ray fluorescence 
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dec rease  i n  t h e  mod i f i e r s .  

change i n  t h e  s u r f a c e  c o n c e n t r a t i o n  of t h e  c o a t i n g  mod i f i e r s .  

compound c l e a r l y  i d e n t i f i e d  by x-ray d i f f r a c t i o n  t h a t  w a s  p r e s e n t  on t h e  s u r f a c e  

of a l l  a l l o y / c o a t i n g  systems. 

i n c r e a s e s  i n  t h e  CrCb04 c o n c e n t r a t i o n  due t o  r e e n t r y  exposure from 50 t o  100 c y c l e s .  

The Cb-752/R-512E system w a s  t h e  only a l l o y / c o a t i n g  system i n  which Si02 could be  

c l e a r l y  d e t e c t e d .  

Cb-752, and 6-129Y/R-512E systems. 

e l e c t r o n  microprobe a n a l y s i s  is  t h e  e x c e l l e n t  s t a b i l i t y  of t h e  elements i n  t h e  

R-512E c o a t i n g  on FS-85 w i t h  r e s p e c t  t o  r e e n t r y  c y c l i n g .  Th i s  c o a t i n g / a l l o y  system 

should p rov ide  l o n g e r  l i f e  because of t h i s  s t a b i l i t y .  The R-512E c o a t i n g  on Cb-752 

showed t h e  most s h i f t i n g  and moving of elements due t o  r e e n t r y  cyc l ing .  

The o t h e r  a l l o y / c o a t i n g  systems d i d  n o t  reveal much 

CrCb04 w a s  t h e  on ly  

The B-66 and FS-85/R-512E system showed l a r g e  

E l e c t r o n  microprobe examinations were l i m i t e d  t o  t h e  FS-85, 

The major conclusion t h a t  can b e  drawn from t h e  

T e s t  r e s u l t s  from mechanical p r o p e r t y  s t u d i e s ,  c o a t i n g  chemistry o p t i m i z a t i o n  

s t u d i e s ,  chemistry and s t r u c t u r e  s t u d i e s ,  and emi t t ance  s t u d i e s  w e r e  reviewed t o  

choose t h e  t h r e e  a l l o y s  most s u i t a b l e  f o r  h e a t  s h i e l d  p a n e l  a p p l i c a t i o n s .  The 

t h r e e  columbium a l l o y s  s e l e c t e d  were FS-85, Cb-752, and C-129Y. These a l l o y s  were 

coa ted  w i t h  t h e  R-512E c o a t i n g  and eva lua ted  i n  t h e  form of m i n i a t u r e ,  1" x 4" 

(2.5 c m  x 10 c m ) ,  r i b  s t i f f e n e d  h e a t  s h i e l d  p a n e l s  t o  determine t h e  a l l o y  w i t h  t h e  

b e s t  r e u s e  c a p a b i l i t y .  The pane l s  w e r e  s u b j e c t e d  t o  temperature-pressure-stress 

p r o f i l e  c o n d i t i o n s  t y p i c a l  of t h o s e  f o r  a Space S h u t t l e  r e e n t r y .  A t o t a l  of 1200 

r e e n t r y  c y c l e  tests w e r e  performed. 

Three of t h e  seven 100 c y c l e  p a n e l s  w e r e  exposed i n  t h e  i n t e r n a l  p r e s s u r e  environ- 

ment. The t e s t i n g  on f i v e  pane l s  w a s  terminated p r i o r  t o  r each ing  100 c y c l e s  due 

t o  equipment malfunct ions and o p e r a t o r  problems. The two remaining p a n e l s ,  which 

were t h e  C-129Y a l l o y ,  f a i l e d  s t r u c t u r a l l y  a f t e r  87 c y c l e s  each i n  t h e  e x t e r n a l  

p r e s s u r e  environment. The s t r u c t u r a l  f a i l u r e s  w e r e  brought about by coa t ing  

f a i l u r e s  on t h e  r ibs .  The reason f o r  t h e  c o a t i n g  f a i l u r e s  on t h e  C-129Y pane l s  

i s  explained by a very t h i n  c o a t i n g  on t h e  r i b  edges. However, t h e  c o a t i n g  

f a i l u r e  does n o t  mean immediate c a t a s t r o p h i c  s t r u c t u r a l  f a i l u r e .  I n  t h i s  p a r t i c u -  

l a r  case t h e  c o a t i n g  f a i l u r e s  occurred i n  t h e  most h i g h l y  t e n s i o n  s t r e s s e d  area 

and a minimum of 50 r e e n t r y  c y c l e s ,  a f t e r  n o t i c e a b l e  o x i d a t i o n ,  w a s  r e q u i r e d  b e f o r e  

s t r u c t u r a l  i n t e g r i t y  w a s  a f f e c t e d .  A comparison of pane l  average c r e e p  d e f l e c t i o n  

rates showed t h e  p a n e l s  t o  have a c c e p t a b l e  c reep  r e s i s t a n c e .  

rates were determined from t h e  p o r t i o n s  of t h e  t e s t i n g  of each pane l  which were 

n o t  a f f e c t e d  by ove r load ing ,  o p e r a t o r  e r r o r ,  o r  c o a t i n g  f a i l u r e s .  

Seven pane l s  w e r e  exposed f o r  100 c y c l e s  each. 

Pane l  d e f l e c t i o n  
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Based on t h e  r e s u l t s  of r e u s e  t e s t i n g  of t h e  m i n i a t u r e  h e a t  s h i e l d  pane l s ,  

t h e r e  w a s  n o t  a clear c u t  choice of t h e  b e s t  a l l o y  f o r  r e e n t r y  h e a t  s h i e l d  panels .  

The r e s u l t s  of a l l  s c r e e n i n g  tests performed were reviewed and t h e  FS-85 a l l o y  w a s  

s e l e c t e d  f o r  t h e  c o a t i n g / a l l o y  e v a l u a t i o n s  t o  b e  performed i n  t h e  remainder of t h e  

p ro  gram. 

S t r u c t u r a l  Performance of Represen ta t ive  Panels  With I n t e n t i o n a l  Coat ing Damage - 
The specimens used i n  t h i s  i n v e s t i g a t i o n  were s u b s i z e  FS-85 columbium a l l o y  r i b  

and co r ruga t ion  s t i f f e n e d  h e a t  s h i e l d  panels .  

3.0 m i l s  (75 um) of R-512E coa t ing ;  and, p r i o r  t o  r e e n t r y  s i m u l a t i o n ,  each pane l  

w a s  i n t e n t i o n a l l y  d e f e c t e d  t o  s i m u l a t e  c o a t i n g  damage. 

mately 1/8" (0.32 cm) i n  diameter  w a s  removed by g r i t  b l a s t i n g .  

d e f e c t  s i tes v a r i e d  from one t o  t h r e e  p e r  panel .  

The pane l s  w e r e  coated w i t h  a nominal 

An area of coa t ing  approxi- 

The number of 

Most of t h e  pane l s  experienced f a t i g u e  f a i l u r e s  p r i o r  t o  100 r e e n t r y  f l i g h t s .  

Defect ing on t h e  s t i f f e n e r  s i d e  of t h e  pane l s  i n  t h e  areas where t h e  h i g h e s t  

stresses are experienced and then  exposing t h e  pane l  t o  i n t e r n a l  p r e s s u r e  r e e n t r y  

c y c l i n g  w a s  more c r i t i c a l  than d e f e c t i n g  on t h e  s k i n  and exposing t h e  pane l  t o  

e x t e r n a l  p r e s s u r e  r e e n t r y  cyc l ing .  Th i s  i s  most l i k e l y  due t o  t e n s i o n  stress and 

crack propagat ion ve r sus  compressive stresses t h a t  are predominant i n  t h e  s k i n .  

A l l  pane l s  withstood s t a t i c  design l o a d s  (room and e l e v a t e d  temperature) j u s t  

p r i o r  t o  t h e  start of f a t i g u e  f a i l u r e s .  

I n  o r d e r  t o  have a r e l i a b l e  h e a t  s h i e l d ,  f a t i g u e  l i f e  must be considered and 

allowed f o r  i n  t h e  design.  The p o s s i b i l i t y  of c o a t i n g  damage t o  t h e  c r i t i c a l  

s t i f f e n i n g  r i b s  must be  considered.  Should c o a t i n g  damage occur ,  a f a t i g u e  l i f e  

of as low as 160,000 c y c l e s  a t  10,000 p s i  (69 NM/m ) ,  (which i s  considered q u i t e  

low) i s  p o s s i b l e .  Th i s  sugges t s  t h a t  f a t i g u e  s t r e n g t h ,  o r  l i f e ,  may w e l l  become 

t h e  c r i t i ca l  des ign  f a c t o r  f o r  coated columbium h e a t  s h i e l d i n g .  

2 

The performance of a l l  of t h e  de fec t ed  pane l s ,  cons ide r ing  t h e  a c o u s t i c  c o n d i t i o n  

and d e f e c t  s i z e  u t i l i z e d ,  showed t h a t  FS-85 columbium a l l o y  h e a t  s h i e l d s  are q u i t e  

t o l e r a n t  of l o c a l  c o a t i n g  damage. N o  immediate c a t a s t r o p h i c  f a i l u r e s  occurred.  

Even under t h e  severe a c o u s t i c  c o n d i t i o n s  and wors t  case d e f e c t  l o c a t i o n ,  t h e  

de fec t ed  h e a t  s h i e l d s  su rv ived  a minimum of 20 r e e n t r y  f l i g h t s .  

Reuse L i f e  S t u d i e s  of R-512E Coated FS-85 Columbium Alloy Heat Sh ie ld  Panels  - 
This s tudy  w a s  performed t o  determine t h e  t o t a l  s t r u c t u r a l  l i f e  of columbium a l l o y  

(FS-85) r i b  s t i f f e n e d  h e a t  s h i e l d  panels  and t o  e s t a b l i s h  how long t h e  panels  

would maintain s t r u c t u r a l  i n t e g r i t y  a f t e r  i n c i p i e n t  c o a t i n g  degradat ion.  

Subsize 3 x 12" (7.5 x 30 cm) r i b  s t i f f e n e d  FS-85 columbium a l l o y  h e a t  s h i e l d  

pane l s  coated w i t h  3,O m i l s  (75 um) of R-512E coa t ing ,  were u t i l i z e d  i n  t h i s  r e u s e  
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l i f e  s tudy .  

s en ted  r e e n t r y  f l i g h t  f o r  a Space S h u t t l e  Orbiter.  

P r o f i l e  test c o n d i t i o n s  of temperature ,  p r e s s u r e ,  and stress repre-  

E igh t  p a n e l s  were sub jec t ed  t o  f l i g h t  s imula t ion ;  each of  t h e  pane l s  w a s  

exposed f o r  200 c y c l e s .  

t e s t i n g ;  t h e  c reep  rate decreased 50% after about 120 c y c l e s .  The e las t ic  de f l ec -  

t i o n s  s t a r t e d  t o  dec rease  a t  about t h e  s a m e  t i m e .  The dec rease  i n  elastic and 

c reep  d e f l e c t i o n s  i n d i c a t e s  a s t r e n g t h e n i n g  of  t h e  base  metal which can b e s t  b e  

explained by s l i g h t  i n c r e a s e s  i n  t h e  i n t e r s t i t i a l  c o n t e n t ,  r e s u l t i n g  from s l i g h t  

leakage of oxygen through t h e  c o a t i n g  at t h e  b a s e  of t h e  c o a t i n g  microcracks.  

Creep and e las t ic  d e f l e c t i o n s  w e r e  monitored du r ing  

The r e p r o d u c i b i l i t y  of t h e  optimized fused s l u r r y  s i l i c i d e  c o a t i n g  p rocess  

and c o a t i n g  q u a l i t y  w e r e  demonstrated t o  b e  e x c e l l e n t .  

i n c i p i e n t  c o a t i n g  f a i l u r e  f o r  t h e  e i g h t  p a n e l s  t e s t e d  d i d  n o t  become apparent  u n t i l  

a f t e r  66 f l i g h t  s imula t ion  c y c l e s .  Two p a n e l s  showed no evidence of c o a t i n g  f a i l -  

u r e s  u n t i l  a f t e r  200 f l i g h t  s imula t ion  c y c l e s  had been completed. 

c o a t i n g  f a i l u r e s ,  which occurred p r i o r  t o  176 f l i g h t  s i m u l a t i o n  c y c l e s ,  w e r e  edge 

f a i l u r e s .  One s u r f a c e  f a i l u r e  occurred a f t e r  176 f l i g h t  s i m u l a t i o n  c y c l e s .  

Evidence of t h e  f i r s t  

A l l  i n c i p i e n t  

T i m e s  t o  i n c i p i e n t  c o a t i n g  f a i l u r e s  were examined s t a t i s t i c a l l y  u t i l i z i n g  

Weibull d i s t r i b u t i o n .  Rank t a b l e s  were used because of t h e  s m a l l  sample s i z e .  

Median rank v a l u e s  f o r  t h e  i n c i p i e n t  t i m e s  t o  f a i l u r e  w e r e  p l o t t e d  on Weibull 

p r o b a b i l i t y  paper .  The Weibull p l o t  c l e a r l y  shows a mixed d i s t r i b u t i o n  c o n s i s t i n g  

of two segments. The f i r s t  segment i n d i c a t i n g  random occurrence of f a i l u r e s  and 

a t  approximately 156 r e e n t r y  c y c l e s  c o a t i n g  wearout becomes t h e  predominant mecha- 

nism of f a i l u r e .  The p ropor t ion  of t h e  popu la t ion  which showed random f a i l u r e s  is 

es t ima ted  a t  60%. The e s t ima ted  t i m e  a t  which wearout f a i l u r e s  would i n i t i a t e  i f  

t h e r e  w e r e  no random f a i l u r e s  is 80 r e e n t r y  cyc le s .  The r e l a t i v e l y  h i g h  percentage 

of random i n c i p i e n t  c o a t i n g  f a i l u r e s  i n d i c a t e s  t h a t  a s i g n i f i c a n t  i n c r e a s e  i n  

r e l i a b i l i t y  could be  r e a l i z e d  i f  t h e  edge c o a t i n g  p rocess  w e r e  f u r t h e r  improved. ’ 

S t r u c t u r a l  l i f e  f o r  seven of t h e  e i g h t  pane l s  exceeded 200 r e e n t r y  cyc le s  f o r  

t h e  t es t  cond i t ions  employed. 

which occurred du r ing  t h e  l a s t  a c o u s t i c  exposure a f t e r  t h e  pane l  had been r e e n t r y  

cycled 200 t i m e s .  

The f a t i g u e  f a i l u r e  s t a r t e d  a t  a c o a t i n g  f a i l u r e  s i t e  on one of t h e  r i b  s t i f f e n e r s .  

This c o a t i n g  f a i l u r e  s i t e  w a s  f i r s t  e v i d e n t  a f t e r  176 r e e n t r y  cyc le s .  Other edge 

i n c i p i e n t  c o a t i n g  f a i l u r e s  (some of which occurred a t  66 r e e n t r y  c y c l e s ) ,  had no 

e f f e c t  on s t r u c t u r a l  i n t e g r i t y  up t o  200 r e e n t r y  cyc le s .  Based on t h e  r e s u l t s  of 

The one s t r u c t u r a l  f a i l u r e  w a s  a f a t i g u e  f a i l u r e  

The pane l  had s u c c e s s f u l l y  passed 176 complete f l i g h t  s imula t ions .  
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t h e  e i g h t  pane l s  t e s t e d ,  100 f l i g h t  s t r u c t u r a l  l i f e  f o r  R-512E coated FS-85 r i b  

s t i f f e n e d  h e a t  s h i e l d  pane l s  i s  a c e r t a i n t y .  

Coating Process  Optimizat ion and Scale-up S t u d i e s  f o r  Rib S t i f f e n e d  Heat 

S h i e l d  Panels  - This  s t u d y  w a s  conducted t o  opt imize a s l u r r y ,  o r  s l u r r i e s ,  so  t h a t  

f u l l  s i z e  20 x 20" (50 x 50 cm) r i b  s t i f f e n e d  panels  could b e  coa ted  uniformly and 

reproducibly.  The b a s i c  R-512E (Si-20Cr-20Fe) m e t a l  powder composition w a s  used 

throughout t h e  s tudy  . 
Thirty-two s l u r r y  compositions were eva lua ted ,  u s i n g  6" (12.2 cm) l ong  s t a i n -  

less steel s t r i p s  on t h e  b a s i s  of d r i p p i n g  and d ry ing  rates, c o a t i n g  t h i c k n e s s ,  

c o a t i n g  uniformity t o p  t o  bottom, s t r e a k i n g ,  sagging,  and edge p u l l  back. Twenty- 

seven of t h e  s l u r r i e s  used an a c r y l i c  r e s i n  f o r  a b i n d e r  and f i v e  s l u r r i e s  used t h e  

n i t r o c e l l u l o s e  l acque r .  

r e l a t e d  t o  t h e  system u t i l i z e d  p r i o r  t o  t h i o  program. They were found t o  be more 

c o n s i s t e n t  and s a t i s f a c t o r y  i n  t h e i r  behavior  t han  t h o s e  which used t h e  a c r y l i c s .  

The a c r y l i c  r e s i n  base  s l u r r i e s  o f f e r e d  h i g h e r  green s t r e n g t h ,  f a s t e r  dipping rates, 

and w e r e  s u b j e c t  t o  less edge p u l l  back. The thir ty- two compositions were screened 

t o  s i x :  t h r e e  a c r y l i c  based and t h r e e  n i t r o c e l l u l o s e  based. The s i x  s l u r r i e s  were 

eva lua ted  on t h e  same b a s i s  as t h e  th i r ty - two ,  b u t  u s i n g  l a r g e r  2" x 20" (5 c m  x 

50 cm) long,  s t a i n l e s s  steel  s t r i p s .  S l u r r y  s t a b i l i t y  problems were discovered w i t h  

t h e  a c r y l i c  based s l u r r i e s .  

t i m e  and appeared t o  r e l a t e d  t o  a r e a c t i o n  between t h e  a c r y l i c  b i n d e r  and thixo- 

t r o p i c  a d d i t i v e s .  Other  a d d i t i v e s  w e r e  eba lua ted  f o r  t h e  a c r y l i c  s l u r r i e s ,  and 

s l u r r y  e v a l u a t i o n s  were cont inued on l a r g e  20" x 20" (50 c m  x 50 cm) specimens. 

The s t a b i l i t y  problem s t i l l  e x i s t e d ,  and a n i t r o c e l l u l o s e  based s l u r r y  designated 

C-5 w a s  chosen f o r  f u r t h e r  s tudy  on f u l l  s i z e  pane l  mockups. 

The n i t r o c e l l u l o s e  l acque r  based s l u r r i e s  were c l o s e l y  

The v i s c o s i t y  was found t o  change s i g n i f i c a n t l y  w i t h  

The p o s s i b l e  v a r i a t i o n s  i n  c o a t i n g  chemistry a t  t h e  s l u r r y  s t a g e  obtained w i t h  

t h e  dipping process  and C-5 s l u r r y  w e r e  determined by c o a t i n g  a 20 x 20" (50 x 50 cm) 

f l a t  s t a i n l e s s  s tee l  mockup. The green c o a t i n g  w a s  then s e l e c t i v e l y  removed from 

2" (5 cm) s q u a r e  areas i n  n i n e  l o c a t i o n s  on t h e  panel .  The c o a t i n g  powder ob ta ined  

w a s  analyzed f o r  chromium and i r o n  by x-ray f luo rescence  techniques.  The i r o n  con- 

t e n t  w a s  found t o  vary from 19.0 t o  20.0%, chromium from 19.5 t o  22%, and s i l i c o n  

from 58.6 t o  61.0%. Since t h e  normal s l u r r y  composition is 60% S i ,  20% C r ,  and 20% 

Fe, t h e  analyzed va lues  i n d i c a t e  t h e  e f f e c t i v e n e s s  of t h e  v i s c o s i t y  a d d i t i v e s  i n  

minimizing relative s e t t l i n g  of t h e  metal powders. 

A f u l l  s i z e  r i b  s t i f f e n e d  s t a i n l e s s  s teel  panel  which w a s  d i p  coated i n  t h e  
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C-5 s l u r r y  picked up an average weight  of 20.8 mg/cm 2 ; t h i s  w a s  w i t h i n  t h e  goa l  
2 of 19 23 mg/cm . 

mg/cm . Uniformity w a s  f u r t h e r  s t u d i e d  us ing  columbium a l l o y  (Cb-752) r i b  s t i f f e n e d  

p a n e l  segments. These segments w e r e  d i p  coated,  d i f f u s i o n  t r e a t e d ,  and examined f o r  

c o a t i n g  uniformity.  Edge c o a t i n g  methods 

w e r e  eva lua ted ,  and e v e n t u a l l y  a method of applying a bead of s l u r r y  d i r e c t l y  t o  t h e  

edges w a s  developed. 

t h e  bead of s l u r r y .  

o x i d a t i o n  t e s t i n g  a t  one atmosphere i n  t h e  as-dipped, oversprayed edge, and beaded 

edge cond i t ions .  The r e s u l t s  of t h e s e  tests showed a l i f e  improvement f a c t o r  of 

50 f o r  t h e  edge beaded specimens. Columbium a l l o y  (Cb-752) p a n e l  segments which 

w e r e  eva lua ted  us ing  t h e  edge bead c o a t i n g  w e r e  found t o  have slow c y c l e ,  one 

atmosphere l ives  i n  excess of  100 c y c l e s .  

F ive  s u b s i z e ,  3 x 12" (7.5 x 30 cm) , r i b  s t i f f e n e d  FS-85 h e a t  s h i e l d  panels  

The weight  range,  as determined by Dermitron NDT, w a s  19 t o  22 
2 

Uniformity w a s  good excep t  f o r  t h e  edges. 

A p a i n t  s t r i p i n g  t o o l  w a s  found t o  b e  adequate f o r  applying 

Cb-752 samples w e r e  d i p  coated and eva lua ted  by slow c y c l e  

were used t o  v e r i f y  t h e  e f f e c t i v e n e s s  and r e p r o d u c i b i l i t y  of t h e  coa t ing  produced 

from t h e  optimized C-5 s l u r r y  and a p p l i c a t i o n  process .  

by simultaneous s imula t ion  of temperature ,  p r e s s u r e ,  and stress cond i t ions  r ep resen t -  

i n g  a Space S h u t t l e  O r b i t e r  r e e n t r y .  Acoust ic  s i m u l a t i o n  of t h e  l i f t - o f f  environment 

These panels  were eva lua ted  

w a s  a l s o  performed. Panels  were eva lua ted  up t o  100 r e e n t r y  f l i g h t  c y c l e s .  There 

w a s  no t  one breakdown of c o a t i n g  produced by t h e  environment t o  which t h e  pane l s  

were sub jec t ed .  S t r u c t u r a l  f a i l u r e s  were experienced on a l l  pane l s  from f a t i g u e  

r e s u l t i n g  from t h e  a c o u s t i c  t e s t i n g .  

f a t i g u e  f a i l u r e s  a t  approximately 100 f l i g h t  cyc le s .  Based on t h e  r e s u l t s  of t h e  

t es t ,  t h e  f a t i g u e  l i f e  a t  10,000 p s i  (69 MN/m ) i s  between 650,000 and 760,000 

c y c l e s .  

The a c o u s t i c  environment w a s  designed t o  cause 

2 

A s  f i n a l  v e r i f i c a t i o n  of t h e  coa t ing  a p p l i c a t i o n  p rocess ,  two f u l l  s i z e  20 x 20" 

(50 x 50 cm) r i b  s t i f f e n e d  FS-85 columbium a l l o y  h e a t  s h i e l d  pane l s  w e r e  coated.  

average green c o a t i n g  weight of 24  mg/cm 

Dermitron NDT of 21 t o  27 mg/cm . 
beading technique and d i f f u s i o n  t r e a t e d  f o r  one hour a t  2580'F (36h sec a t  1420°C). 

A f t e r  f i r i n g  t h e  pane l s ,  t h e  c o a t i n g  w a s  found t o  have l o c a l  t h i ckness  v a r i a t i o n s  

t h a t  were w i t h i n  t h e  program g o a l  of +3 mg/cm . 
i n  t h e  2 7  mg/cm 

An 

w a s  achieved w i t h  a range as determined by 2 

2 The edges of t h e  panels  w e r e  coated by t h e  edge 

2 This  i s  b e t t e r  than a 50% r e d u c t i o n  
2 v a r i a t i o n  t y p i c a l  p r i o r  t o  t h i s  p rocess  o p t i m i z a t i o n  s tudy .  

Coat ing Process  Optimizat ion and Scale-up S t u d i e s  f o r  Corrugat ion S t i f f e n e d  

Heat S h i e l d  Panels  - This  s t u d y  w a s  conducted t o  opt imize a s l u r r y  o r  s l u r r i e s  s o  

t h a t  f u l l  s i z e  20 x 20" (50 x 50 cm) co r ruga t ion  s t i f f e n e d  pane l s  could b e  coa ted  
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uniformly and reproducibly.  The b a s i c  R-512E (Si-20Cr-20Fe) metal powder composition 

w a s  used throughout t h e  s tudy.  Because of t h e  r e s t r i c t e d  access of a i r  t o  t h e  i n s i d e  

of t h e  co r ruga t ion ,  s l u r r y  d ry ing  rates between the o u t s i d e  and i n s i d e  were d i f f e r e n t ,  

t hus  a problem of uncqual c o a t i n g  t h i c k n e s s  w a s  encountered. Other  t han  some geometry 

c o n s i d e r a t i o n s ,  t h i s  w a s  t h e  b a s i c  d i f f e r e n c e  i n  c o a t i n g  between the r i b  s t i f f e n e d  

pane l s  and t h e  c o r r u g a t i o n  s t i f f e n e d  panels .  

The C-5 s l u r r y  w a s  eva lua ted  on a corrugated specimen and w a s  found t o  produce 

a nonuniform c o a t i n g  on t h e  i n t e r i o r  of t h e  co r ruga t ion ,  p a r t i c u l a r i l y  n e a r  t h e  

a c u t e  ang le  a t  the weld, 

During t h e  t i m e  sub and f u l l  s i z e  r i b  s t i f f e n e d  pane l s  were be ing  coated w i t h  

t h e  C-5 s l u r r y ,  t h e  s t a b i l i t y  problem w i t h  t h e  a c r y l i c  b a s e  s l u r r y  w a s  so lved  by 

us ing  a h igh  s o l i d s  con ten t  s l u r r y  and by s u b s t i t u t i n g  a c r y l i c  r e s i n  f o r  t h e  thixo- 

t r o p i c  agen t s .  An a c r y l i c  based s l u r r y  w i t h  a r e s i n  con ten t  of 40% and w i t h  only 

a minor amount of MPA as an agglomerate p reven t ive  w a s  developed which w a s  s t a b l e  

and produced e x c e l l e n t  c o a t i n g  un i fo rmi ty  r e s u l t s  on 2 x 20" ( 5  x 50 c m )  long 

s t a i n l e s s  s tee l  s t r i p s .  S i n g l e  faced s t a i n l e s s  s tee l  corrugated specimens 2.4" 

wide x 18" long (6 x 46 cm) w i t h  a c o r r u g a t i o n  p i t c h  of 1.2" ( 3  cm) and a co r ruga t ion  

h e i g h t  of 0.55" (1.4 cm) w e r e  used f o r  f u r t h e r  e v a l u a t i o n  of t h e  a c r y l i c  s l u r r y .  

Poor coa t ing  uniformity and unequal t h i c k n e s s  from i n s i d e  t o  o u t s i d e  w a s  r evea led .  

The use of vacuum drying w a s  eva lua ted  as a means t o  accelerate drying of t h e  

s l u r r y  i n  t h e  i n t e r i o r  of t h e  co r ruga t ions  t o  improve c o a t i n g  th i ckness .  Vacuum 

drying produced e x c e l l e n t  r e s u l t s .  

Other s l u r r y  c o n t r o l  methods were i n v e s t i g a t e d  i n  an a t t empt  t o  e l i m i n a t e  t h e  

vacuum drying.  Higher MI?A concen t r a t ions  and a d d i t i o n s  of w e t t i n g  agen t s  t o  

improve c o a t i n g  uniformity were eva lua ted .  

e l imina ted  coa t ing  uniformity problems, b u t  caused excessive s l u r r y  s t a b i l i t y  

problems; t h e  a b i l i t y  of t h e  s l u r r y  t o  suspend t h e  c o a t i n g  powders was completely 

l o s t  i n  less than one week. The h i g h e r  MPA concen t r a t ion  g r e a t l y  improved c o a t i n g  

uniformity;  b u t  even w i t h  some flow-out, which occurred du r ing  f i r i n g ,  t h e  uniformity 

w a s  considered marginal  and t h e  procedure of vacuum dry ing  w a s  r e t a i n e d .  

A w e t t i n g  agent  "Post  4" e s s e n t i a l l y  

S i n g l e  faced co r ruga ted  FS-85 p a n e l  segments 3 x 4'' ( 7 . 5  x 10 cm) were coated 

w i t h  an a c r y l i c  s l u r r y  des igna ted  A-32, examined and found t o  have e x c e l l e n t  c o a t i n g  

un i fo rmi ty ,  Slow c y c l e  one atmosphere o x i d a t i o n  tests w e r e  conducted us ing  t h e s e  

pane l  segments. There were no s i g n s  of c o a t i n g  f a i l u r e s  on t h e  i n s i d e s  of t h e  

co r ruga t ions ,  i n d i c a t i n g  good c o a t i n g  coverage. 
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Five  s u b s i z e ,  3 x 12" (7.5 x 30 cm) , c o r r u g a t i o n  s t i f f e n e d  FS-85 heat s h i e l d  

pane l s  were used t o  v e r i f y  the e f f e c t i v e n e s s  and r e p r o d u c i b i l i t y  of t h e  c o a t i n g  

produced from t h e  A-32 s l u r r y  and a p p l i c a t i o n  process .  

encountered w i t h  the vacuum dry ing  procedure: 

more d i f f i c u l t  t o  c o n t r o l  the vacuum when l a r g e r  q u a n t i t y  of p a r t s  w e r e  processed.  

The vacuum drying w a s  dropped i n  f avor  of l onge r  a i r  d r y i n g w i t h  t h e  co r ruga t ions  

i n  a h o r i z o n t a l  p o s i t i o n .  

Some d i f f i c u l t i e s  w e r e  

b l i s t e r i n g  occurred because i t  w a s  

These f i v e  pane l s  were t e s t e d  under t h e  same cond i t ions  as t h e  r i b  s t i f f e n e d  

pane l s .  Two s m a l l  areas of c o a t i n g  breakdown occurred on t h e  weld of one p a n e l  

a f t e r  44 cyc le s  of r e e n t r y  t e s t i n g  b u t  d i d  n o t  l e a d  t o ,  o r  cause any, s t r u c t u r a l  

f a i l u r e  of t h e  pane l .  There w e r e  no i n d i c a t i o n s  of c o a t i n g  breakdown on t h e  

i n t e r i o r  of t h e  co r ruga t ions .  The f a t i g u e  l i f e  of t h e  co r ruga ted  pane l s  w a s  s l i g h t l y  

b e t t e r  than t h a t  of t h e  r i b  s t i f f e n e d  p a n e l s ,  b u t  s t i l l  f a l l i n g  under 760,000 cyc le s  

a t  10,000 p s i  (69 MN/m ). 

of t h e  r i b  s t i f f e n e r  would s u r e l y  o f f e r  a b e t t e r  s i t e  f o r  i n i t i a t i o n  of a f a t i g u e  

c r a c k  than  t h e  f l a t  continuous p o r t i o n  of t h e  co r ruga t ion .  

2 Th i s  d i f f e r e n c e  might be expected because t h e  t h i n  edge 

A s  f i n a l  v e r i f i c a t i o n  of t h e  coa t ing  a p p l i c a t i o n  process ,  two f u l l  s i z e  

20 x 20" (50 x 50 cm) co r ruga t ion  s t i f f e n e d  Fb-85 columbium a l l a y  h e a t  s h i e l d  pane l s  
2 w e r e  coated.  

range, as determined by Dermitron NDT, of 26 mg/cm2 t o  29 mg/cm . 
of t h e  panels  w e r e  coated us ing  t h e  edge beading process  w h i l e  t h e  ends were 

redipped t o  a depth of approximately 1/8" (0.32 cm) .  

t r e a t e d  f o r  one hour a t  2580°F (36h/sec a t  1420°C). Af te r  f i r i n g ,  t h e  panels  had 

coa t ing  th i ckness  d i s t r i b u t i o n s ,  t h a t  ranged from 20 mg/cm2 t o  23 mg/cm2, w e l l  

w i t h i n  t h e  program g o a l  of 2 3  mg/cm . 

An average green coa t ing  weight  of 27.7 mg/cm w a s  achieved w i t h  a 
2 The s i d e  edges 

The pane l s  were d i f f u s i o n  

2 
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CONCLUSIONS 

( 3 )  

( 4 )  

(5 

(9 

The R-512E (Si-20Cr-20Fe) fused s l u r r y  s i l i c i d e  c o a t i n g  has  r epea ted ly  demon- 

s t r a t e d  t h e  a b i l i t y  to  provide  r e l i a b l e  p r o t e c t i o n  on columbium specimens and 

pane l s  when exposed t o  100 simulated r e e n t r y  cyc les .  

Beyond t h e  i n i t i a l  small change i n  mechanical p r o p e r t i e s  due t o  coa t ing ,  t h e  

R-512E coa ted  columbium a l l o y ' s  mechanical p r o p e r t i e s  are not a f f e c t e d  s ig-  

n i f i c a n t l y  by 100 s imula ted  r e u s e  cyc le s .  

R-512E coa ted  FS-85 specimen mechanical p r o p e r t i e s  and pane l  s t r u c t u r a l  

i n t e g r i t y  are not  h y p e r s e n s i t i v e  t o  t h e  l o c a l  removal of coa t ing  b u t  t h e  

s t r e n g t h  p r o p e r t i e s  and l i f e  are reduced wi th  exposure and are dependent on 

l o  c a t  ion.  

R-512E coated FS-85 demonstrated b e t t e r  o v e r a l l  r e u s e  p r o p e r t i e s  than R-512E 

coated Cb-752, C-129Y5 B-66 o r  WC-3015. 

The t o t a l  hemispher ica l  emi t tance  on t h e  f i v e  R-512E coa ted  columbium a l l o y s  

s t u d i e d  i n  this program w a s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by 100 s imula ted  

r e e n t r y  cyc les .  

Coating processes  were developed so t h a t  e i t h e r  n i t r o c e l l u l o s e  lacquer  o r  

a c r y l i c  r e s i n  based s l u r r i e s  can be used f o r  t h e  uniform a p p l i c a t i o n  of R-512E 

coa t ing  t o  specimens and f u l l  s i z e  columbium h e a t  s h i e l d  panels .  

R-512E hardware coa t ing  uni formi ty  of - +15% i s  now p o s s i b l e  compared t o  530% 

p r i o r  t o  s l u r r y  and p rocess  opt imiza t ion .  

Improved R-512E coa t ing  l i f e  can be achieved by us ing  a s l i g h t l y  h igher  pro- 

ces s ing  temperature  2620'F and a s h o r t e r  process ing  t i m e ,  30 minutes  i n s t e a d  

of t h e  normal 1 hour a t  2580'F and by i n c r e a s i n g  t h e  chromium c o n t e n t  of t h e  

R-512E coa t ing  from 20 t o  40%. 

Appl i ca t ion  of a bead of s l u r r y  t o  t h e  edges of columbium specimens and 

s t r u c t u r a l  conf igu ra t ions  p r i o r  t o  f i r i n g  i n c r e a s e s  t h e  l i f e  b e f o r e  i n c i p i e n t  

coa t ing  f a i l u r e  by s e v e r a l  t i m e s  and changes t h e  f a i l u r e  mode from predomin- 

a n t l y  edge t o  one of wear out.  

A 200 p l u s  s imula ted  r e e n t r y  and l i f t - o f f  c y c l e  l i f e  has  been demonstrated 

f o r  coated FS-85 which r e p r e s e n t s  a s i z a b l e  s a f e t y  margin beyond t h e  100 r e e n t r y  

r e u s e  requirement  e s t a b l i s h e d  a t  t h e  beginning of t h e  program. 
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Following i s  a l ist  of areas d i scove red  du r ing  t h e  cour se  of t h i s  program 

which need more i n v e s t i g a t i o n  and are recommended h e r e  f o r  f u t u r e  s t u d i e s .  

Determination of t h e  e f f e c t s  of h igh  gas flow rates on t h e  emittance 

of fused  s l u r r y  s i l i c i d e  coated columbium under m u l t i p l e  r euse  

c o n d i t i o n s  . 
Develop des ign  f a t i g u e  p r o p e r t i e s  f o r  fused s l u r r y  s i l i c i d e  coated 

columbium and determine t h e  f a t i g u e  requirements f o r  coated columbium 

h e a t  s h i e l d i n g .  

Fu r the r  exp lo re  methods o r  techniques of a p p l i c a t i o n  of s l u r r y  edge 

c o a t i n g  f o r  improved r e l i a b i l i t y .  

Improve o r  develop columbium h e a t  s h i e l d  designs and/or  thermal 

p r o t e c t i o n  systems f o r  m u l t i p l e  r euse  hypersonic  v e h i c l e s  which w i l l  

b e  more t o l e r a n t  of t h e  deg rada t ion  a s s o c i a t e d  w i t h  l o c a l  c o a t i n g  

f a i l u r e s  . 
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APPE8DIX A 

M E C W I C A Z  PROPERTY DATA 

Appendix A con ta ins  t h e  mechanical p rope r ty  d a t a  f o r  each speeimen used i n  

determining t h e  e f f e c t  of  coa t ing ,  coa t ing  damage, and r euse .  
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