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ABSTRACT 

The purpose of  t h e  program was t o  d e f i n e  t h e  .equi rements  f o r  f i e l d  r e p a i r  o f  

coa t ed  columbium p a n e l s  ; t o  deve lop  s imp le ,  e f f e c t i v e  r e p a i r  methc 's ; and t o  prove  

t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  developed  r e p a i r s .  

The i n i t i a l  t e c h n i c a l  c o n s i d e r a t i o n  w a s  t o  d e f i n e  t h e  r equ i r emen t s  f o r  f i e l d  

r e p a i r  c c a t  ing .  P robab le  causes  of damage were  i d e n  t i £  i e d  arA tes t i n &  was conducted 

which e s t a b l i s h e d  t h a t  c o a t i n g s  have a  s i g n i f i c a n t  t o l 2 r a n c e  t o  l o c a l  damage. I t  

was f u r t h e r  e s t a b l i s h e d  by s t r u c t u r a l  p a n e l  specimen t e s t i n g  t h a t  u n r e p a i r e d  c d z t i n g  

i m a g e  on t h e  s k i n  w a s  n o t  of  s t r u c t n r a l  s i g n i f i c a n c e .  

The major  t a s k  w a s  t o  deve lop  f i e l d  r e p a i r  c o a t i n g  methods. The f o l l o w i n g  

types  of r e p a i r  methods have been developed ,  proven r e l i a b l e ,  and a r e  ready  f o r  u se  

on an o p e r a t i o n a i  system: 

o  rep lacement  of t h e  fu sed  s l u r r y  s i i i c i d e  c o a t i n g  by a  s h o r t  p r o c e s s i n g  c y c l e  

u s i n g  a  focused  r a d i a n t  s p o t  h e a t e r  

o  r e p a i r  of  t h e  c o a t i n g  by a  g l a s s y  m a t r i x  ceramic  composi t ion  which i s  p a i n t e d  

o r  sp rayed  ove r  t h e  d e f e c t i v e  a r e a  

o  r e p a i r  o f  t h e  p r o t e c t i v e  c o a t i n g  by plasma s p r a y i n g  molybdenum d i s i l i c i d e  

o v e r  t h e  damaged a r e a  employing p o r t a b l e  equipment. 

Each o f  t h e  r e p a i r  methods meets t h e  c r i t e r i o n  of b e i n g  a p p l i e d  q u i c k l y  and e a s i l y  

i n  t h e  f i e l d  and h a s  t h e  p r o t e c t i v e  a b i l i t y  t o  p r e v e n t  o x i d a t i o n  f o r  o v e r  100  r e u s e  

c y c l e s .  

A t e c h n i c a l  o b j e c t i v e  was t o  prove  t h a t  t h e  developed r e p a i r  methods were a b l e  

t o  p r o t e c t  t h e  columbium p a n e l s  f o r  ove r  100 r e u s e  c y c l e s  i n  a t e s t  sequence  which 

imposed t h e  env i ronmen ta l  pa rame te r s  expec t ed  t o  b e  expe r i enced  d u r i n g  a c t u a l  

s e r v i c k .  The pr imary  e v a l u a t i o n  c o n s i s t e d  o f  r e e n t r y  f l i g h t  s i m u l a t i o n  t e s t i n g  i n  

which coa t ed  p a n e l s  w i t h  r e p a i r e d  s k i n s  were s u b j e c t e d  tl, t h e  t e m p e r a t u r e s ,  a i r  

p r e s s u r e s ,  and l o a d s  o f  r e e n t r y .  A f t e r  each  s e r i e s  of r e e n t r y  p r o f i l e  c y c l e s ,  t h e  

p a n e l s  were s u b j e c t e d  t o  a  s t a t i c  b o o s t  l oad  e q u i v a l e n t  t o  a  l i m i t  l o a d .  F i n a l l y ,  

t h e  p a n e l s  were s u b j e c t e d  t o  a  s iml . la ted  b o o s t  a c o u s t i c  f a t i g u e  l o a d i n g  t e s t .  

The f i n a l  t q s k  of t h e  program was t o  produce  two f u l l - s i z e  (20  by 20-inch)  r i b  

s t i f f e n e d  p a n e l s  w i t h  r e p a i r  c o a t i n g  on the  s k i n .  Each of  t h e  p a n e l s  had a  t o t a l  

of 20 i n d i v i d u a l  r e p a i r  s i t e s .  Th i s  demonst ra ted  t h a t  q u a l i t y  f l i g h t  hardware could  

be produced and t h a t  t h e  f i e l d  r e p a i r s  could  b e  s a t i s f a c t o i i l y  a p p l i e d  Lo f u l l - s i z e  

f l i g h t  hardwdre. 

i i 

MCOONNRLL OOUOUS ASTRONAUflCS COWCANV - RAmT 



COATED COLUMBIUM 
TPS FIELD REPAIR FINAL REPORT 

FOREWORD 

REPORT MDC E0681 
15 SEPTEMBER 1972 

This  is  the  f i n a l  r e p o r t  f o r  t h e  F i e l d  Repai r  Program conducted w.der Con t r ac t  

SXS8-26121. The program w a s  ccnducted between June 1970 and Cctober  1972. Y r .  

James C a r t e r ,  o f  % r s h a l l  Space F l i g h t  Center ,  w a s  t h e  t e c h n i c a l  cor i t rac t  rconitor 

and ?1r. John Culp of XcDomell  Douglas A s t r o n a u t i c s  Company - L a s t  was t h e  s:udy 

l e a d e r .  The 2on t r ibu t ions  of t h e  f  o l l o v i n g  i n d i v i d u a l s  are acknowledged: R. G. 

Gregory, S t r e n g t h  Analys is  and Rib S t i f f e n e d  P a n e l  Oqti?niz~cion Study;  J. R. Suhre ,  

S t r u c t u r a l  Dynamics ; F. S. Pogorze l sk i ,  Panel  F a b r i c a t i o n ;  E. 3. S e t t l e m o i r ,  Damage 

Tolerance  T e s t i n g  and Ceranic  Repai r  Coating Development; E. ? la lake l i s .  D i f fu s ion  

B a r r i e r  App l i ca t i on  S t u d i e s ;  G. W i l l e ,  Plasma Seed le  R e p l i r s ;  ?I. B. Yunse l l  and 

D. S. Drennan, P r o f i l e  Evalua t ion  of Pane l  Specimens; W. E. Soonan, Acous t ic  

T e s t i n g ;  H. S. Ingham, of Xetco, Plasma Sprayed Repai r  Developnent; and B. Reznik 

and G. Pepino of Sy lvan ia ,  L a g  Repai r  Development. 
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Coated columbium could be used e f f e c t i v e l y  3s a thermal p r o t e c t i o n  system 

m a t e r i a l  f o r  the  Space S h u t t l e  a r  othe; mult imiss+on hypersonic reen t ry  vehic les .  

Although the  coat ings  a r e  hard  and tenacious ,  s m e  l o c a l  coat ing damage ausc be 

a n t i c i p a t e d  wi th  a f u n c t i o n a l l y  o p e r a t i o n a l  system. I t  i s  !.mportanc f o r  eco~~ornic  

and schedular  reasons t h a t  such l o c a l  coa t ing  daniage be capable of rapid  and easy 

r e p a i r  i n  the  f i e l d .  The purpose of t h i s  program was t o  provide r e l i a b l e ,  p r a c t i c a l ,  

and e f f i c i e n t  f i e l d  r e p a i r  methods. 

The i n c t i a l  problem, t h a t  of consider ing the requirements f o r  f i e l d  r e p a i r ,  

was divided i n t o  the  following e f f o r t s :  

a )  t o  determine the  damage to le rance  of coated columbium and denonst ra te  the  

type of damage which would requ i re  r e p a i r  

b )  t o  examine the  worst case  i n  which c r i t i c a l  damage was no t  repai red.  

Probable danage causes were i d e n t i f i e d ,  and damage to le rance  t e s t i n g  was con- 

ducted f o r  each cause i n  o rde r  t o  desc r ibe  the  types of phys ica l  evidence of coa t ing  

disturbance s e r i o u s  enough t o  requ i re  r e p a i r .  The e f f e c t  an t h e  s t r u c t u r a l  i n t e g r i t y  

of panels  wi th  unrepaired c r i t i c a l  damage was asce r  cained by t e s t i n g  panel  specimens 

i n  a simulated reen t ry  environment t o  determine the s t r u c t u r a l  impl ica t ions  of unre- 

pci red  damage t o  panel  sk ins .  

The major emphasis of the  program w a s  on development of f i e l d  r e p a i r  methods 

and procedures. The approach t o  f i e l d  r e p a i r  development was t o  d iv ide  the  e f f x t  

i n t o  1)  r e p a i r s  e f f e c t e d  by rep lac ing  the  fused s l u r r y  s i l i c i d e  coa t ing ,  and 

2) r e p a i r s  e f f e c t e d  by adding a new m a t e r i a l  over the  damage s i t e .  In  r ep lac ing  

the  fused s l u r r y  s i l . i c i d e  coa t ing ,  a t t e n t i o n  focused or! methods which could be  

accomplished rap i8 ly  and e a s i l y  i n  the  f i e l d  and which would not n e c e s s i t a t e  

reproducing the  involved,  complicated o r i g i n a l  coa t ing  process  sequence. For 

r s p a i r s  e f f e c t e d  by adding a secondary m a t e r i a l  t o  the  d e f e c t  a r e a ,  emphasis was 

placed on ceramic composition r e p a i r s  and plasma sprayed r e p a i r s ,  both of bhich 

could be accomplished r e a d i l y  i n  the f i e l d .  Conventional t e s t i n g  and evziluation 

procedures were employed i n  Ccvelopment of t h t  r e p a i r s .  The f i n a l  eva lua t ion  of 

th, r e p a i r  systems employed r l b  s t i f f e n e d  pznel  specimens of r e p r e s e n t a t i v e  s i z e ,  

3 by 12 inches ,  which were t e s t e d  under projected environmental s e r v i c e  condi t ions .  

The f l i g h t  s imulat ion t e s t i n g  included a l t e r n a t e  exposure sequences of  boost  

a c o u s t i c  loads ,  s t a t i c  t : r i t i ca l  l o a d s ,  and simultaneous reen t ry  cond i t ions  of 
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temperature, air p ressure ,  and bending s t r e s s  a s  a func t ion  of r een t ry  time. Tes t ing  

was conducted through 110 mission cycles  t o  e s t a b l i s h  the  operat- ional  readiness  of 

J 

the  r e p a i r  systems. 

The f i n a l  a c t i v i t y  of the  program was t o  cons t ruc t  f u l l - s i z e  f l i g h t  q u a l i t y  

columbium hardware ar.d demonstrate t h a t  each of the  r e p a i r s  was app l i cab le  t o  a c t u a l  

hardware. A highly  e f f i c i e n t  r i b  s t i f f e n e d  panel  design wi th  0.010-inch t h i c k  sk ins  

was s e l e c t e d .  Panels of both  Cb-752 and C-129Y columbium a l l o y s  were f a b r i c a t e d  and 

coated. A t o t a l  of twenty r e p a i r  s i t e s  were appl ied  t o  de fec t  breas i n t e n t i o n a l l y  

cu t  i n t o  the  s k i n  coa t ing  f o r  each panel. Repairs were e f f e c t e d  and the panels  

were submitted t o  NASA f o r  evaluat ion.  
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Two columbium base a l l o y s ,  Cb-752 and C-129Y, were designated a s  the  sub- 

s t r a t e s  f o r  development and eva lua t ioc  of the  f i e l d  r e p a i r  coat ings .  Thtse a l l o y s  

have good s t r e n g t h  a t  both room and e levated temperatures,  can be fabr ica ted  r e a d i l y  

i n t o  t y p i c a l  hardware conf igura t ions ,  and a r e  weldable. The Cb-752 was purchased 

t r o n  Faustee: Metal lurgical  Corporation and the C-129Y from Wah Chang-Albany. 

Vendor c e r t i f i e d  chemical analyses  of the f i n a l  shee t  product were: 

Element -- Percent  by W e i ~ h t  

Cb-752 C-129Y 

Carbon 0.0092 0.0050 

Oxygen 0.0044 0.0110 

Hydrogen 0.0005 0 .  OOOL 

ii i t rogen 0.0070 0.0056 

I ron 0.0010 0.0050 

S i l i c o n  0.0010 0.0050 

Molybdenum 0.114 0.0125 

Titanium 0.005 O.OC4 

Yttrium -- 0.12 

Haf nium -- 10.05 

Tantalum 0.43 0.37 

Tungsten 9.80 9.40 

Zirconium 2.65 0.39 

Cc lumb ium Balance Balance 

The vendor c e r t i f i e d  t r ansverse  physical  p r o p e r t i e s  of the  shee t  m a t e r i a l  were: 

Property Cb-752 C-129Y 
2 

Room temperature t e n s i l e  ( l b / i n  ) 

ul t ima te  79,000 89,700 

y i e l d  59,000 74,000 

% elongat ion 3 1 30.5 
2 

2 2 0 0 ' ~  t e n s i l e  ( l b l i n  ) 

ul t ima te  27,000 --- 
y i e l d  25,000 --- 
X e lozqa t ion  95 --- 

ASTM g r a i n  s i z e  8 9.5 

2-1 
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The i n t e r s t i t i a l  contexts  and mechanical proper ty  va lues  of  the  Cb-752 a.ld the 

C-129Y f a l l  wi th in  ihe range of what is considered t y p i c a l .  

Coatings dcsignated f o r  use were the  Sylvania R-512E system f o r  the  Cb-752 

al-loy and thc  YAC-HYD VH-109 system f o r  t h e  C-129Y. Both a l e  fused s l u r r y  s i l i c i d e  

coat ings  %, i th  d i f f e r e n t  chemical compositions. I n  many cases ,  '-.he fused s l u r r y  

s i l i c i d e  coat ings  show b e t t e r  ox ida t ion  l i f e  p r o p e r t i e s  on one a l l o y  than another .  

There was evldence a v a i l a b l e  a t  the time of coa t ing  s e l e c t i o n  t o  i n d i c a t e  t h a t  

the  coat ings  chosen f o r  the  respec t ive  a l l o y s  . e r e  the  l o n ~ e s t  l i f e  coa t ings  

ava i l ab le .  

There was a  c l e a r  advantage t o  employing two c ~ a t i n g / a l l o y  systems i n  the  

program, s i n c e  the a p p l i c a b i l i t y  of the  develcped r e p a i r s  would not  n e c e s s a r i l y  be 

r e s t r i c t e d  t o  one system. There were s e v e r a l  tinies wi th in  the program i n  which the  

two a l l o y s  o r  coat ings  exh ib i t ed  s i g n i f i c a n t l y  d i f f e r e n t  p roper t i e s .  The simulta-  

neous t e s t i n g  of two systems was invaluable  i n  i d e n t i f y i n g  c h a r a c t e r i s t i c s  a t t r i b -  

u t a b l e  t o  e i t h e r  the a l l o y  o r  the coat ing.  Thus, the  t e c h n i c a l  base of the program 

was broadenrd g r e a t l y .  

C..  



COATED COLUMBIUM 
TPS FlCLD REPAIR FINAL REPORT 

3. SPECIMEN FABRICATION AND COATING 

REPORT C3C EOS81 
15 SEPTEMBER 1972 

Test  hardware was required throughout the  program t o  develop and evaluate  

f i e l d  r e p a i r  systems. Simple shee t  m: e r i a l  coupons and r i b  s t i f f e n e d  panels were 

employed. The r i b  s t i f f e n e d  design was s e l e c t e d  t o  represent  t y p i c a l  f l i g h t  hard- 

ware s i n c e  i t  was weight e f f i c i e n t ,  could be r e l i a b l y  coated,  and was easy t o  

inspect .  

3.1 COUPONS - Coupons, 2 by 2 inches and 1 by 2 inches  i n  s i z e ,  were prepared 

from 0.020-inch shee t  ma te r i a l  of both  Cb-752 and C-129Y a l l o y  mate r i a l s .  All 

coupons were used t o  determine the  damage to le rance  of coated columbium, t o  develop 

f i e l d  r e p a i r s ,  and t o  eva lua te  oxidat ion r e s i s t a c e  of candidate r e p a i r  systems. 

The Cb-752 coupons were fcsed s l u r r y  s i l i s i d e  coated with the  R-512E composition bv 

S y l v m i a  t o  a nominal  to^ 11 coa t ing  th ickness  of 3 m i l s  per  surface .  

The i n i t i a l  group of 2 by 2 - i n ~ h  coupons of the  C-129Y a l l o y  was coated by 

VAC-HYD with the  VH-103 sysLem. A nominal t o t a l  coat ing th ickness  of 3.0 mils pe r  

su r face  (dimexlsional change uf 2.0 mils per  su r face )  was requested.  The coupons 

received had an average dimensional change of 7 .4  mils t o t a l  (assuming one-half the 

coat ing on eazh su r face  no t  v a l i d  i n  t h i s  case) and many coupons were setyerely 

warped. Metallographic examinstion of these coupons revealed t h a t  the  t h i c k e r ,  

cor.-rve s i d e  had an average th ickness  of 5.5 mils and t h e  th inner ,  convex su r face  

had m average th ickness  of 3.7 mils .  By comparing s u b s t r a t e  th icknesses  before  

and a f t e r  coat ing,  the  amount of meta l  consumed i n  producing these  coat ings  was Ge- 

termined t o  be 3.4 mils. The aneven and excess ively  th ick  coat ings  were reporterl  

t o  VAC-HYD, wi t5  a concern expressed f o r  the c r i t i c a l  r i b  s t i f f e n e d  panel  specimens 

which were t o  be coated. In  a cooperative e f f o r t  t o  c o r r e c t  t h i s  problem, VAC-HYD 

personnel obtained a supply of the  same hea t  of C-1?9Y from Wah B a n g ,  prepared 40 

dup l i ca te  coupons, and appl ied  the  VH-109 coat ing.  'his second group of specimens 

was not  warped and had a smoother and genera l ly  improved appearance when compared 

with the  i n i t i a l  s e t  of coupons. The coa t ing  'hickness wzs found t o  br: approximately 

equal  on both s i d e s  of the colipon; - le average t o t a l  c o a t i n ,  th ickness  Crneas~red 

meta l lographical ly)  was 3.5 m i l s  p e r  su r face  and the  average dimerisional change 

th ickness  was 2.3 m i l s  p e r  su r face .  S-lbsequent groups of coupons had acceptable  

citatfng thicknesses wi th  a dimensional change th ickness  of 3.0 t o  3.5 m i l s  per  

surface .  
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3.2 RIB STIFFENED PANEL SPECIMENS (1 by 4 INCHES) - Rib s t i f f e n e d  panel speci-  

mens were required f o r  p r o f i l e  s imulat ion t e s t i n g  of de fec t ive  cost ings  which were 
:I 

not repaired p r i o r  t o  t e s t i n g .  The panel specimen s e l e c t e d  was one employed i n  

pas t  coat ing evaluat ions  ( reference 1) which f i t  i n t o  an e x i s t i n g  t e s t  f a c i l i t y .  

The panel t e s t  specimen ar.d loading f i x t u r e  had t o  f i t  i n s i d e  a 1-3/4-inch diameter 

:ube, whose 6-inch long working h o t  Lone permits a M ~ L C ~ .  temperature i n  the c e n t r a l  

4 inches. The specimen is thus r e s t r i c t e d  t o  a 1 by 4 by 0.25 inch s i z e .  Figure 

3-1 shows the  r i b  s t i f f e n e d  panel configuration and dimensions. Te- panels  of each 

a l l o y  ((3-7.52 and C-129Y) were fabr ica ted .  After d e t a i l  p a r t s  preparat ion and 

chemical cleaning,  the r i b s  were joined t o  the  s k i n s  by b l i n d  e l e c t r o n  beam weldicg 

through the  skin.  F ina l ly ,  the  loading p l a t e s  were e l e c t r o n  beam welded t o  each 

end of the r i b s  and the  edges of the  panel were r ~ d i u s e d .  

The C3-752 a l l ~ y  panel specimens were R-512E coated by Sylvania. The dimell- 

s i o n a l  change thickness of t h e  s k i n  was 2.3 mils  p e r  s u r f a c e  and t h a t  of the  two 

r i b s  was 2.2 and 2.4 mils per  surface .  The C-129Y a l l o y  panel  specimens were VH-109 

coated by VAC-HYD. The dimensional change th icknesses  were approximttely twice 

those requested,  being an average of 4.2 mils per  su r face  on the  s k i n  and 3.6 and 

3.7 mils per  surface  on the  r i b s .  $-) 
3.3 RIB STIFFENED PANE1 SPECIMENS (3 by 12 INCHES) - Rib s t i f f e n e d  panels ,  

* 
'b I 

1 -  

3 by 12 inches ,  were required t o  perform s t r u c t u r a l  eva lua t ions  of f i e l d  r e p a i r  

coat ing systems. The panel specimen is shown i n  f i g u r e  3-2. I t  was designed t o  

be representa t ive  of a fu l l - s i ze  r i b  s t i f f e n e d  panel i n  a l l  respec t s  except the  

o v e r a l l  dimensions, which were s e l e c t e d  t o  f i t  i n t o  a load f i x t u r e  used i n  conjunc- 

t i o n  wi th  a 7-inch diameter tube furnace. %o groups of 3 by 12-inch panels  were 

fabr ica ted ,  with the second group required t o  e l r n i n a t e  a s k i n  d i s t o r t i o n  condit ion 

present  i n  the  f i r s t  group. 

The fabr ica t ion  of the  3 by 12-inch panel specimens shown i n  f i g u r e  3-1 was 

accomplished using two columbium a l l o y s ,  Cb-752 and C-129Y. The required shee t  

mate r ia l  was chemically mil led  o r  chemically cleaned t o  ind ica ted  gauges wi th in  

0.001 inch. D e t a i l  p a r t s  were sheared and the r i b s  were machined t o  f i n a l  dimen- 

s ions  t o  insure  p a r a l l e l  edges. The t o o l  f o r  e l e c t r o n  beam welding was designed 

t o  a l i g n  the  welding beam with  t h e  cen te r  of one r i b  and the  r i b  was then b l ind  

welded through the  skin.  Subsequent r i b s  were joined t o  the  s k i n  by moving t h e  

i z i t i o l  r i b  t o  LT ~ d j a c e n t  locating slot vi t h o r ~ t  changinn t h e  loca t ion  of t h e  t o o l  

wi th  respect  t o  t h e  welding beam. The second r i b  was then secured i n  the  i d e n t i c a l  

too l ing  pos i t ion  as  the  f i r s t  r i b ,  and then welded t o  t h e  skin .  Suhsequent r i b s  

3-2 

pi.. . . 
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NOTES: 
(1) PANEL SKIN 0.008" AFTER COATING 
(21 PANEL RIBS 0.016" AFTER COATING 
131 ALL IJIMENSIONS ARE IN INCHES. 

RIB STiFFENED PANEL SPECIMEN 
Figure 3-1 

were  t h e n  ..;ded t o  t h e  p a n e l  assembly i n  a  s i m i l a r  f a sh ion .  A f t e r  t h e  r i b s  had been  

jo ined  t o  t h e  s k i n ,  t h e  s t r a p s  on t h e  r e v e r s e  s i d e  of t h e  r i b s  were e l e c t r o n  beam 

welded i n  p l ace .  The f i n a l  s t e p  was t o  r a d i u s  t h e  edges t o  i n s u r e  good c o a t i n g  

q u a l i t y .  

The f u s i o n  weld ing  of  t h e  s k i n  t o  t h e  r i b s  caused a n o t i c e a b l e  amount of  d i s -  

t o r t i o n .  T y p i c a l  examples o f  t h i s  d i s t o r t i o n  a r e  shown i n  f i g u r e  3-3. The lon- 

g i t u d i n a l  bowing of t h e  p a n e l s  produced a nominal d e f l e c t i o n  o f  0.07 i n c h  i n  t h e  

c e n t e r  o f  t h e  span  and a s e r i e s  of r i p p l e s ,  o r  buck l ing  of  t h e  s k i n ,  between t h e  

r i b s .  The maximum depth  o f  t h e  b u c k l e s ,  0.08 i n c h  o c c u r r e d  i n  t h e  c e n t e r  of t h e  

p a n e l  and t h e  buck l ing  of t h e  s k i n  was n o t  n o t i c e a b l e  on t h e  unsuppor ted  edges.  
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SKlN ( t  = 0.0104) 

STRAP (t = 0.0224) 
(2 REQD) 

NOTES: 
1 - EB WELD STIFFENERS TO SKIN AND STRAPS 
2 - DIMENSIONS LOCATE Q OF STlFFENtKS 
3 - DIMENSIONS ARE IN INCHES 

RIB STIFFENED COLUMBIUM PANEL SPECIMEN Figure 3-2 

It w a s  cons idered  u n l i k e l y  t h a t  t h e  waviness ,  o r  s k i n  b u c k l i n g ,  could  b e  removed 

d u r i n g  a s t r e s s  r e l i e f  cyc l e .  S ince  t he  p a n e l s  would be  t he rma l ly  s t a b i i i z e d  f o r  

t e s t i n g  du r ing  t h e  c o a t i n g  p r o c e s s ,  a  s p e c i a l  s t r e s s  r e l i e f  c y c l e  w a s  n o t  enployed.  

While t h e  appearance of t h e  p a n e l s  was l e s s  than  d e s l r a b l e ,  t h e  p a n e i s  were consid-  

e r e d  s t r u c t u r a l l y  a c c e p t a b l e  and i t  was dec ided  t o  proceed  wi th  t h e  p r o f i l e  t e s t i n g  

of  t h e  p a n e l s  a s  d e s c r i b e d  i n  s e c t i o n  12. Because t h e  a c o u s t i c  boos t  s i m u l a t i o n  

p o r t i o n  of t h e  e v a l u a t i o n  showed t h e  s k i n  d i s t o r t i o n  buck le s  t o  be dynamica l ly  

u n s t a b l e ,  f a b r i c a t i o n  of  a  second group of  p a n e l s  was i n i t i a t e d .  

The undes i r ab l e  s k i n  d i s t o r t i o n  was 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 jo ined  t h e  r i b s  t o  t he  s k i n .  The r i b  t h i c k n e s s  was 0.022 inch  

and t h e  s k i n  was 0.012 inch  th i ck .  Because t h e  0.012-inch s k i n  was n o t  of s u f f i -  

c i e n t  s t r e n g t h  and s t i f f n e s s ,  i t  buckled bztween t h e  r i b s .  The problem of  producing  

d i s t o r t i o n - f  r e e  r i b  s t i f f e n e d  p a n e l s  was a t t a c k e d  u s i n g  two s imul taneous  approaches ,  

The f i r s t  appro;.  : was t o  p reven t  d i s t o r t i o n  d u r i n g  weld ing  by a l t e r i n g  t h e  weld ing  
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457-1693 Showing Skin Distortion 

After Dist~rt ion Removal by Creep Straightening 

RIB STIFFENED PANEL SPECIMEN Fi;ure 3-3 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - E A d T  
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parameters t o  reduce the heat  input and weld shrinkage o r  t o  increase the gauge of -1 - 
the skin t o  resist d is tor t ion .  The second approach was t o  allow the d i s to r t i on  t o  

occur during welding and then t o  remove i t  by creep forming. The creep forming 

would require t h a t  the  r i b s  be straightened t o  remove the bow, thus allowing the 

skin t o  remain f l a t .  
I 

A welding p r r a m t e r  study was conducted i n  which the t o t a l  heet input was ! 

minimized. The only constraint  aa weld nugget s i z e  uab t h a t  the t o t a l  thickness I 

of the r i b  had t o  be joined t o  the sk in  s o  t h a t  no crack o r  faying surface occurred. - E 
Several voltage and amperage combinations were t r i~d  f o r  three  welding speeds ranging ! 

up t o  200 inches per minute. A measurable but i n su f f i c i en t  reduction of sk in  dis- ! 

t o r t i on  f o r  the  0.012-inch s k i n  t o  0.022-inch r i b  combination was achieved. Welding 

parameters were then establ ished fo r  a r i b  s t i f f ened  configuration of 0.020-inch 

skin and 0.022-inch r ibs .  Test panels of t h i s  gauge combination were successfully 

welded and the sk in  d i s to r t i on  w a s  completely eliminated. The increased skin thick- 

ness produced a 30-percent weight increase f o r  the panel (an increase of 1.35 l b l f t  
2 

2 
f o r  0.012-inch skin t o  1.77 l b i f t  fo r  the 0.020-inch skin) .  Since design s tud ie s  

conducted i n  the b e g i ~ i n g  of the  program had establ ished tha t  only 0.008-inch load 

bear ag skins,  a f t e r  coating, w e r e  required t o  carry the  necessary loads, it  was 

decided tha t  the l e s s  weight-efficient design employing the 0.020-inch skin would 

be used only as a last resort .  

The second approach, creep forming the r i b  s t i f f ened  panels a f t e r  welding, was 

investigated. Experisents were conducted i n  which r i b  s t i f fened  skins  were 

st raighteue l by placing machined molybdenum bars  be tween the r i b s  t o  provi J e  dead 

weigh. Loading while the  p a r t  was heated i n  a vacuum. Results from the f i r s t  

.-r.driments were good and i t  was establ ished tha t  1 hour a t  2700°F with a normal 
2 pressure of 0.6 l b / in  w a s  su f f i c i en t  t o  remove the bow i n  the r ib s  and the waviness 

of the skin. A too l  (shown i n  f igure 3-4) of su f f i c i en t  s i z e  t o  creep s t ra ighten  

a 20 by 20-inch r i b  s t i f f ened  panel w a s  constructed of TZM al loy  molybdenum. The 

tool  was ~ s e d  t o  s t ra ighten  e ight  3 by 12-inch panels and four 4 by 10-icch panels. 

All of these panels were successfully straightened without cracks o r  other damaging 

e f f e c t s  and were f l a t  and d i s to r t i on  free.  Figure 3-5 shows a f u l l  s i z e  panel 

before creep s t raightening,  and f igures  3-3, 3-7 and 3-8 show panels a f t e r  creep 

s Lraightening. 

The r i b  s t i f fened  panels were fused s lu r ry  s i l i c i d e  coated and the R-512E 

coating was applied t o  the Cb-752 a l loy  panels. The f i r s t  group of panels had a 

dimensional change coating thickness of 1.6 mils per  surface on both the skin and -) 
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as- 2363 RIB STIFFENED PANEL IN MOLYBDENUM CREEP STRAIGHTENING TOOL ~i~~~~ 3-4 

457-2086  20 x 20 INCH PANEL PRIOR TO CREEP STRAIGHTENING f 

Figure 3-5 
- r i b s  and t h e  second group of  Cb-752 a l l o y  p a n e l s  had an ave rage  R-512E c o a t i n g  

d imensional  change t h i c k n e s s  o f  1.9 mils p e r  s u r f a c e  on b o t h  t h e  s k i n s  and on t h e  

r i b s .  The f i r s t  grocp of C-129Y p a n e l s  was VH-109 coa ted  t o  a d imensional  change 

t h i c k n e s s  of  1 .4  rails p e r  s u r f a c e  on t h e  r i b s  and 3 . 3  m i l s  p e r  s u r f a c e  on ~ h e  s k i n s .  

The second group of C-129Y pane l s  had a  d imensional  change c o a t i n g  t h i c k n e s s  

of  1 .8  m i l s  per  s u r f a c e  on t h e  r i b s  and 2.7 m i l s  pe r  s u r f a c e  on t h e  s k i n s .  

MCOONNELL D O U O U S  ASfROW4LiTICS COMPANV - EabT 
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3.4 SINGLE FACED CORRUGATED PANELS - I n i t i a l  development and t e s t i n g  of f i e l d  

r e p a i r  coat ing procedures w a s  conducted on coupons. A necessary subsequent s t e p  
3 

w a s  t o  demonstrate t h a t  t h e  r e p a i r  methods developed were app l i cab le  t o  r e p r e s e n t a t i v e  

hardware, and t h a t  the t h i n  sk ins  being employed were no t  permanently d i s t o r t e d  or  

otherwise damaged during the  r e p a i r  procedure. The primary hardware design being 

employed t o  evaiuate  r e p a i r  coat ings  was the  r i b  s t i f f e n e d  design. I n i t i a l  a t tempts  

a t  f a b r i c a t i n g  3 by 12-inch r i b  s t i f f e n e d  panels having a 1.2-inch r i b  spacing 

produced s k i n  waviness between the  r i b s ,  a  d i s t o r t i o n  which would make accurate  

and meaningful s k i n  d i s t o r t i o n  measurements d i f f i c u l t .  It was decided t o  employ a 

s i n g l e  faced vee corrugated panel  s i n c e  a f l a t ,  smooth s k i n  could be produced with- 

out  the  delay t h a t  would occur whi le  the  s k i n  waviness problem was being solved 

f o r  t h e  r i b  s t i f f e n e d  design. The s i n g l e  faced vee corrugated panels were of t h e  

same s k i n  th ickness  (0.012 inch before  coating) and s t i f f e n e r  spacing (1.2 inches  

between cen te r s )  a s  thcse  of the  r i b  s t i f f e n e d  panels .  The o v e r a l l  panel  s i z e  was 

7.2 inches square so  t h a t  the  c e n t e r  of the  panel  would not  be a f f e c t e d  by edge 

considera t ions .  

The s k i n  and corrugat ion were joined by the FUDJ (forged upset  d i f f u s i o n  

jo ining)  welding method, a process which does n o t  r equ i re  a fus ion weldment t o  be 

formed, thus avoiding the  s k i n  d i s t o r t i o n  assoc ia ted  wi th  weld shrinkage.  D e t a i l  0 
p a r t s  were fabr ica ted  from Cb-752 and C-129Y columbium a l l o y  shee t .  Af te r  t h e  

p a r t s  were chemically cleaned,  they were put  through a r o l l  seam welding machine 

wi th  one f l a t  wheel f o r  the  s k i n  s i d e  of the panel  and a vee p r o f i l e  wheel (0.03- 

inch edge rad ius )  matching the  shape of t h e  vee corrugat ion.  The opera t ing param- 

e t e r s  were s e l e c t e d  t o  produce l e s s  than s u f f i c i e n t  hea t  t o  form a c a s t  nugget and 

enough p ressure  t o  forge the two s u r f a c e s  i n t o  in t ima te  contact .  The product a t  

t h i s  po in t  was only s u p e r f i c i a l l y  joined. A vacuum d i f f u s i o n  t rea tment ,  i n  which 

the  j o i n t  became d i f f u s i o n  bonded, was conducted a t  300Q°F f o r  1 hour. Figure 3-6 

shows the  s k i n  and corrugat ion su r faces  of a t y p i c a l    an el p r i o r  t o  coat ing.  

Although the  s k i n s  were f l a t  and smooth, a minor problem was experienced with 

usrbonded areas .  The unbonded a r e a s  were reprocessed through the  r o l l  seam welder 

and d i f f u s i o n  cycle t o  r e p a i r  the unbonded azeas. The panels  were Li:zR fused 

s l u r r y  s i l i c i d e  coated t o  a nominal t o t a l  coa t ing  th ickness  of 3 mils per  ru r face .  

3.5 R I E  STIFFENED PANELS (20 by 20-INCHES) - Two f u l l - s i z e  r i b  s t i f f e n e d  

pane l s ,  one of Cb-752 and one C-129Y a l l o y ,  were required t o  demonstrate the  f i n a l  . 

r e p a i r  developed on the  program. These panels  were de l ive red  t o  NASA f o r  f i n a l  

eva lua t ion  t e s t i n g  of the  f i e l d  r e p a i r  coat ings .  Panel  f a b r i c a t i o n  was perf  omed 

us ing the  same too l s  and procedures employed wi th  t h e  second group of 3 by 12-inch 

3-8 
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r i b  s t i f f e n e d  panel repor ted i n  s e c t i o n  3.3. After  creep s t r a i g h t e n i n g ,  the  s k i n s  3 
were f l a t  and d i s t o r t i o n  f ree .  Both panels were fused s l u r r y  s i l i c i d e  coated t o  

a nominal t o t a l  coating th ickness  of 3.0 mils p e r  surface .  The Cb-752 panel was 

coated with the  R-512E and the  C-129Y a l l o y  panel with the  Vli-109 coating.  

Figures 3-7 and 3-8 show the  panels  a f t e r  coat ing app l ica t ion .  ! 

M C M N N R U  OOUOLM U I I O l W U l V C I  COMMNV - @A-t 
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SKIN SURFACE RIB SIDE 

C-129Y ALLOY RIB STIFFENED PANELS (20 BY 20-INCH) WlTH VH-109 
PROTECTIVE COATING Figure 3-7 

SKIN SURFACE RIB SlDF 

C5-752 ALLOY RIB STIFFENED PANELS (20 BY 20-INCH) WlTH R-512E 
PROTECTIVE COATING 

3-1 1 
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The evaluat ion of developed f i e l d  r e p a i r s  and the  p r o f i l e  s imulat ion t e s t i n g  

of panel  specimens required the  s e l e c t i o n  o f  a s e t  of t e s t  ~ondit4.c::~. Lhese t e s t  

condi t ions  were se lec ted  t o  be represen ta t ive  of c Space S h u t t l e  o p e r a t i o ~ a l  s;rstem. 

Ins tead of s e l e c t i n g  a p a r t i c u l a r  t r a j e c t o r y  and point  on a s p e c i f i c  veh ic le ,  the  

necessary parameters of t ime,  temperature,  p ressure ,  and stress were s t u d i e d  srp- 

a r a t e l y .  An attempt was made t o  i n s u r e  t h a t  the  f u l l  e f f e c t  of each parameter would 

be imposed upon the t e s t  specimen i n  a r e a l i s t i c  manner. The t e s t  condi t ions  had 

t o  be represen ta i ive  of the  genera l  environmental condi t ions  of the s e v e r a l  S h u t t l e  

veh ic les  and missions under cons ide ra t ion ,  a s  w e l l  a s  of probable f u t u r e  veh ic les .  

Each of the  t e s t  parameters w i l l  be discussed s e p a r a t e l y  and the  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  describe4.  The i n i t i a l  t e s t  condi t ions  s e l e c t e d  a r e  shokm i n  f i g u r e  4-1. 

The f l i g h t  s imulat ion t e s t i n g  of 3 by 12-inch r i b  i i f f e n e d  panel  required t h e  llse 

of a 7-inch diameter tube furnace.  This furnace would -2: cool  a t  the  required r a t e  

and the  p r o f i l e  was extended t o  1 hour elapsed time. The samt temperature p ressure ,  

and s t r e s s  r e l a t i o n s h i p s  were maintained throughout and a r e  described i n  s e c t i o n  12. 

4.1 TEST TIME - The major in f luence  on t e s t  dura t ion  was the  s e l e c t i o n  of 

e i t h e r  a low o r  high cross  range mission. A high cross  range time of 2700 seconds 

was chosen. This is longer the11 the  major i ty  of veh ic les  surveyed; however, t h e  

longer time i s  a conservative approach which a l s o  makes t h e  t e s t  r e s u l t s  app l i cab le  

t o  a wider range of r een t ry  v e h i c l e  systems. 

4.2 TEST TEMPERATURE - A g r e a t  many f a c t o r s  were considered i n  s e l e c t i n g  the 

t e s t  temperature p r o f i l e .  Figure 4-2 i l l l i s t r a t e s  some of the  parameters surveyed 

and f a c t o r s  considered ( re fe rence  2)  The double peak condi t ion i l l u s t r a t e d  i n  

f i g u r e  4-2 was s e l e c t e d  a s  t h e  most severe  condi t ion s i n c e  i t  represen t s  the 

g r e a t e s t  time a t  e l eva ted  temperature and a l s o  the  g r e a t e s t  t o t a l  hea t  inpu t  f o r  

equivalent  maximum temperature of a s i n g l e  peak condi t ion,  Figure 4-3 shows the  

temperature a s  a funct ion of time f o r  the  high cross  range o r b i t e r  used a s  a guide 

i n  s e l e c t i n g  the t e s t  p r o f i l e .  A maximum temperature of 2400°F was s e l e c t e d ,  s i n c e  

i t  is  equal  t o ,  o r  h igher  than,  most temperatures surveyed. The s e l e c t e d  tempera- 

t u r e  p r o f i l e  shown i n  f i g u r e  4-1 employed a procedure of comparing the  time a t  

o r  above 2,000, 2,200 and 2,400°F f o r  s e v e r a l  p o s s i b l e  temperature p r o f i l e s  t o  

insure  t h a t  the  s e l e c t e d  condi t ions  were broadly r e p r e s e n t a t i v e .  The p o s i t i o n  of 

the  peak and t h e  cool ing r a t e  r e f l e c t  t h e  c a p a b i l i t i e s  of t h e  t e s t i n g  f a c i l i t y .  
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X 
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TIME FROM 400,000 FT - SEC 

457-1160 
TEMPERATURE ON LOWER SUPFACE OF HIGH CROSS RANGE ORBITER 

Figure 4-3 

4 . 3  EXTERNAL PREsP'iRE - The a i r  p ressure  t o  b.2 ~inployed i s  an important 

t e s t i n g  parameter. Since t h i s  program is concerned wi th  f i e l d  appl ied  r e p a i r s ,  the  

pressure  is  n e c e s s a r i l y  r e s t r i c t e d  t o  the  e x t e r i o r  su r face .  Tigure 4-4 shows the 

pressure  of the  lower su r face  of a high c ross  range o r b i t e r .  I t  was found t h a t  tile 

e x t e r n a l  p ressure  v a r i a t i o n s  f o r  var ious  veh ic les  and reen t ry  cond i t ions  were s u b t l e  
* 

. rb compared wi th  coztizlg performance. The coa t ing  and s u b s t r a t e  ox ida t ion  mechanisms 

were t h e  same over the  range of poss ib le  r e p r e s e n t a t i v e  pressLres  t h a t  could be 

s e l e c t e d .  The design t r a j e c t o r y  f o r  the  forward ramp was s e l e c t e d ,  s i n c e  i t  was 
- - -  e 
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TIME FROM 400,000 FT - SEC 

SPACE SHUTTLE 
HIGH CROSS RANGE ORBITER 

BOTTOM CENTERLINE ULTIMATE PRESSURES Figure 4-4 

predic ted  t o  be the  most severe  t e s t  f o r  s u b s t r a t e  oxidat ion.  

4.4 DESIGN OPTIMIZATION AND STRESS PROFILE CONDITIONS - The proper s t r e s s  o r  

ioad t o  be appl ied  t o  the  panels  is a very important environmental t e s t  condi t ion 

because the  s t r e s s i n g  of colxmbiu l b s t r a t e  a f f e c t s  the  p r c t e c t i v e n e s s  of the  coat-  

ing. The c r i t e r i o n  f o r  f a i l g r e  i n  the  r i b  s t i f f e n e d  panel  specimens was def ined a s  

the  i n a b i l i t y  t o  c a r r y  t h ~  required loads.  The design t o  be  t e s t e d  had t o  be def ined 

before  the c r i t i c a l  member and the  appropr ia te  s t r e s s  l e v e l  could be  determined. 

The 1 by 4-inch specimens shown i n  f i g u r e  3-1 were designed t o  f i t  i n t o  a 

1.75-inch t e s t i n g  furnace. Rib depth and r i b  spacing were no t  optimized f o r  a f u l l  
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s i z e  panel. It was considered advantageous t o  optimize the  r i b  s t i f f ened  design 

fo r  a f u l l  s i z e  panel t o  determine the proper r i b  s t r e s s  t o  employ. Fabrication 

of the 3 by 12-inch and 20 by 20-inch r i b  s t i f f ened  pannels f o r  t e s t i ng  i n  the  l a t e r  

s tages  required t h i s  design optirnlzation study; therefore ,  the study was accomplished 

betore a s t r e s s  p ro f i l e  f o r  the t e s t  conditions was made f i na l .  

4.4.1 Rib St i f fened Panel Optimization Study - A s t rength  optimization study 

was conducted fo r  r i b  s t i f f ened  columbium thermal protect ion system panels applicable 

t o  the Space Shuttle.  Panel geometry is  shown i n  f igure 4-5. Rib gage (w), sk in  

gage ( t ) ,  r i b  spacing (b) and r i b  height (h) were a l l  varied t o  obtain minimum 

weight panels. 

Figure 4-5 is an example of the working curves generated i n  the study. A l l  

da ta  on f igure  4-5 a r e  fo r  a constant e f f ec t i ve  thickness (or  weight) and a constant 

skin thickness. The upper curves show ul t imate  allowable pos i t ive  bending s t rengths  

(causing compression i n  the skin)  and the lower curves represent ult imate allowable 

negative bending s t rengths .  A p l a s t i c  bending ana lys i s  was used t o  determine 

ultimate pos i t ive  bending s t rengths .  Compression cap s t rength  was based on :rip- 

p l ing  s t rength  of the i i a ~  s ' n i t t  eitd ": e portion of the r i b  above the neu t r a l  

axis. The tension cap -ras assumed t o  operate at its ul t imate  t e n s i l e  s t r e s s .  

Limit negative bending s t rength  (causing compression i n  the r i b )  was based on an 

e l a s t i c  analysis  i n  which the allowable compressive :ess i n  the r i b  was based 

on the r i b  buckling s t rength.  Ultimate negative bending s t rength ,  shown i n  f igure  

4-5, was obtained by multiplying l imi t  s t rength  by the sa fe ty  f ac to r  of 1.4. 

Constraints were establ ished f o r  the maximum b / t  r a t i o  and minimum negative 

bending s t rength.  Based on previous experience with s imi l a r  s t ruc fu r r s ,  a maximum 

b / t  r a t i o  of 150 was selected t o  minimize response t o  acoust ic  loading. A minimum 

a l lo rab l e  negative bending s t rength  of 70 in - lb l in  was se lec ted ,  which is based 
2 

on 1.4 l b / i n  ul t imate  pressure ac t ing  over a 23-Inch span. The negative bending 

cutoff l i n e ,  shown i n  f i gu re  4-5, was used t o  i den t i fy  panel cross-sectional prop- 

e r t i e s  which meet tbc negsrlve bending strerrgrh reqv!revntq. The n p t i m r ~ m  d e s i g n  

moment fo r  t h i s  weight is the maximum moment within the b / t  cutoff cons t ra in t ,  and 

the negative moment cutoff l i n e ,  as shown. 

Figure 4-6 is made up from optimum moments determined from curves of the type 

sham i n  f igure  4-5 which have o ther  e f f ec t i ve  thicknesses and sk in  thicknesses of 

0.008, 0.012, and 0.016 inch. For any required moment allowable, the 0.008-inch 

skin thickness (minimum gage) y i e ld s  the lowe?': weight design. 

The r e su l t i ng  r i b  s t i f f ened  panel design curves a r e  shown i n  f igure  4-7. These 
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curvcs can be used t o  determine h ,  w,  and panel weight as a funct ion of u l t imate  

p o s i t i v e  bending moment f o r  columbium FS-85 panels  at  room temperature. Each design 

has an u l t imate  negat ive  bending s t r e n g t h  of 70 in - lb l in .  

4.4.2 Preliminary S t r e s s  P r o f i l e  Considerations - The r e s u l t s  of t h e  r i b  

s t i f f e n e d  panel  design opt imizat ion study were combined wi th  t h e  S h u t t l e  s t r e n g t h  

requirements and t h e  e f f e c t s  of d i f f e r e n t  a l l o y s ,  Cb-752 and C-129Y, were 

considered. 
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Figure 4-7 
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Ascent - Pressure  v a r i a t i o n s  along the high c ross  range o r b i t e r  lower fuselage 

c e n t e r l i n e  during ascent a r e  i l l u s t r a t e d  i n  f i g u r e  4-8. These pressures  p ~ ? a k  about ,3 
66 seconds a f t e r  l i f t o f f ,  and a re  highest  i n  the  i n t e r a c t i o n  region between the  

o r b i t e r  and booster.  Curves a r e  shown f o r  both the  nominal and design t r a j e c t o r i e s .  

The design t r a j e c t o r y  i. obtained by superimposing the  e f f e c t s  of winds on the  

nominal t r a jec to ry .  Design t r a j e c t o r y  loads  a r e  used t o  s i z e  panels ,  whereas loads  

based on the  nominal t r a j e c t o r y  a r e  employed i n  the  reuse  a n a l y s i s  of panels.  

Since a venting system has not been def ined,  and ambient pressure  i s  s u b j e c t  t o  
2 

r e l a t i v e l y  rapid  change during ascent ,  a 1-lb/in l i m i t  b u r s t  p ressure  was assumed 

t o  a c t  on a l l  par,els. Although a small amount of aerodynamic hea t ing  occurs,  room 

temperature mate r ia l  p r o p e r t i e s  were used i n  designing f o r  these  p ressure  

condit ions.  

Entry - D i f f e r e z t i a l  pressures  on the  bottom c e n t e r l i n e  of t h e  high cross- 

range o r b i t e r  occurr ing during en t ry  a r e  shown i n  f i g u r e  4-4 f o r  both nominal and 

design t r a j e c t o r i e s .  The en t ry  design t r a j e c t o r y  w s s  obtained by reducing the  

PERCENT OF TOTAL LENGTH 

HIGH CROSS RANGE ORBITER 
457-1 166 BOTTOM CENTERLINE ULTIMATE PRESSURE DURING ASCENT 

4-10 
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a l t i t u d e  of the  nominal t r a j e c t o r y  by 2,500 f e e t  a t  a l l  v e l o c i t i e s  dur ing e n t r y .  

The temperature-time p r o f i l e s  during e n t r y  f o r  t h e  bottom c e n t e r l i n e  of t h i s  

veh ic le  a r e  given i n  f i g u r e  4-3. 

Cruise - Following e n t r y  and t r a n s i t i o n  t o  a i rp lane- type c r u i s e  opera t ion,  

the  S h u t t l e  w i l l  be subjected t o  a i r l o a d s  t y p i c a l  of larj je a i r c r a f t .  P ressure  
2 d i f f e r e c t i a l s  ac ross  t h e  fuselage  panels  may be a s  high a s  1.75 l b l i n  u l t ima te .  

During t h i s  phase of the mission,  panel  temperatures remain r e l a t i v e l y  low. 

Preliminary Design of F u l l  Size  Columbium Panels  - Three l o c a t i o n s  on the  

o r b i t e r  bottom c e n t e r l i n e  were s e l e c t e d  f o r  d e t a i l e d  ana lys i s .  The t h r e e  l o c a t i o n s  

a r e  shown i n  f i g u r e  4-9. 

P a e l  A ( a t  X/L = 0.10) r epresen t s  a region where a l l  panels  would be designed 
2 f o r  ascent  pressures .  Highest ascent  pressures  (8.7 l b l i n  u l t ima te )  occur i n  

t h i s  a r e a  ( a s  ind ica ted  i n  f i g u r e  4-9). The r e s u l t i n g  columbium r i b  s t i f f e n e d  

panel  c ross  s e c t i o n ,  along wi th  a curve showing panel  s t r e n g t h  a s  a func t ion  of 

temperature,  is shown i n  f i g u r e  4-10. The ascen t  and e n t r y  p ressure  temperature 

envelopes a r e  a l s o  presented i n  f i g u r e  4-10, showing t h a t  pane l  A, which was 

designed f o r  the  ascent  condi t ion,  is n o t  c r i t i c a l  durir..: en t ry .  

Panel B ( a t  X/L = 0.43) r epresen t s  a panel  sub jec tea  t o  the  average ascen t  
2 

pressure .  The des ign p ressure  f o r  panel  B (2.54 l b / i n  u l t ima te )  r e s u l t e d  i n  the  

panel  c r o s s  s e c t i o n  shown i n  f i g u r e  4-10. Ascent and e n t r y  envelopes shown i n  

f i g u r e  4-10 i n d i c a t e  again t h a t  the  panel  was n o t  c r i t i c a l  f o r  en t ry .  

Panel  C ( a t  X/L - 0.75) is loca ted  i n  a region where p ressQres  a r e  lowest 
2 

during ascen t  (0.5 l b l i n  u l t jma te )  . This panel  was a c t u a l l y  designed f o r  t h e  
2 

negat ive  p ressure  condi t ion of 1 .4  l t l i n  u l t ima te .  The resul ' ing c r o s s  s e c t i o n  

is shown i n  f i g u r e  4-10. A margin of s a f e t y  e x i s t s  f o r  both ascen t  and en t ry  

p o s i t i v e  pressures .  

P r i o r  t o  t h e  cons ide ra t ion  of creep d e f l e c t i o n  i n  panel des ign,  panel  B was 

s e l e c t e d  as be ing  t h e  most r e p r e s e n t a t i v e  panel .  (Panel  A, which was designed 

f a r  t h e  h ighes t  a scen t  p ressure ,  would not  be sub jec ted  t o  h igh s t r e s s e s  dur ing 

e n t r y ,  and panel  C was designed f o r  a b u r s t  p ressure  condi t ion which would not 

occur on a l l  f l i g h t s . )  Tes t  s t r e s s  l e v e l s  f o r  panel  B had n o t  only t o  be based on 

the  nominal t r a j e c t o r y ,  b u t  had a l s o  t o  correspond t o  l i m i t  r a t h e r  than u l t ima te  

loads.  To i l l u s t r a t e  t h i s ,  the  ascen t  t e s t  s t r e s s  l e v e l  i s  expla ined a s  follows : 
2 

(1) The nomiwl  u l t ima te  p ressure  (1.96 l b l i n  ) corresponding t o  t h e  design 
2 

u l t i m a t e  p ressure  (2.54 l b / i n  ) was obta ined from f i g u r e  4-8; 

(2)  Dividing 1.96 by 1.4, t h e  f a c t o r  of s a f e t y ,  t h e  nominal l i m i t  p ressure  
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Figure 4-9 

2 
(1.40 l b l i n  ) was obta ined;  

(3) Using the  s e c t i o n  p r o p e r t i e s  of panel  B,  t he  r i b  o u t e r  f i b e r  s t r e s s  
2 2 

(51,000 l b l i n  ) f o r  a 1.40 l b l i n  pane l  loading was ca lcu la ted .  

Following t h e  same procedure whi le  us ing nominal l i m i t ,  t he  appropr ia te  

pressure  s t r e s s e s  were ca lcu la ted  f o r  t h e  e n t r y  and c r u i s e  condi t ions .  These 

r e s u l t s ,  i l l u s t r a t e d  i n  f i g u r e  4-10, produced the  s t r e ss - t ime  p r o f i l e  o r i g i n a l l y  

s e l e c t e d  f o r  f l i g h t  s imulat ion t e s t s .  The temperature-time p r o f i l e  s e l e c t e d  f o r  

t e s t i n g  ( f i g u r e  4-1) had temperatures h igher  than those  used i n  t h i s  preliminary - 
work which, as s t a t e d  previously ,  caused us t o  i n i t i a t e  redes ign work based on 

panel  creep d e f l e c t i o n .  B0t.h ascen t  and en t ry  s t r e s s  l e v e l s  f o r  t e s t i n g  were 

MCbONNRLL bOUOU8 A S w I Y I L m C S  COMMNV - I A m t  
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revised a s  described below. 

4.4.3 - F i n a l  Se lec t ion  of Tes t  S t r e s s  Levels 

Ascent - During ascen t ,  the  nominal limit s t r e s s  i n  the  r i b  o u t e r  f i b e r  of 
2 

panel  B was 51,000 l b l i n  . This value is  approximately 77 percent  of the room 

temperature y i e l d  s t r e n g t h  of FS-85. Applying t h i s  same percentage t o  t h e  y i e l d  

s t r e n g t h s  of Cb-752 and C-129Y g ives  the  values  43 and 55 k s i ,  r e spec t ive ly .  Thus, 

t o  s imulate  nominal cond i t ions  on panels  designed f o r  a scen t ,  each a l l o y  requ i res  

a d i f f e r e n t  s t r e s s  l eve l .  

Entry - Analysis us ing c u r r e n t l y  a v a i l a b l e  creep p r o p e r t i e s  of the  Cb-752 and 

C-129Y a l l o y s  a t  the maximum t e s t  temperature (2400°F) showed t h a t  t h e  maximum 

e n t r y  s t r e s s e s  i n  f u l l  s i z e  panels  of these  a l l o y s  would have t o  be  l i m i t e d  t o  
L 

about 4000 l b l i n  . This was based on the  c r i t e r i o n  t h a t  t o t a l  permanent panel  

d e f l e c t i o n  ( f o r  a 20 by 20-inch panel)  a f t e r  100 f l i g h t  cyc les  must be l imi ted  t o  

0.5 inch. With t h i s  creep c r i t e r i o n ,  excess ive  creep d e f l e c t i o n s  i f  f u l l  s i z e  

panels  (FS-85, Cb-752 and C-219Y) w i l l  not  r e s u l t  u n t i l  a s t r e s s  of 4000 l b l i n  2 

is  exceeded. 
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The s u c c e s s f u l  r euse  of coa ted  columbium thermal  p r o t e c t i o n  p a n e l s  on a  hyper-  

s o n i c  r e e n t r y  v e h i c l e  depends upon an a c c u r a t e  a p p r e c i a t i o n  o f  t he  causes  and 

e f f e c t s  of  l o c a l  c o a t i n g  damage. While i t  is t r u e  t h a t  complete  coverage o f  t h e  

columbium s u b s t r a t e  is r e q u i r e d  t o  main ta in  s u b s t r a t e  mechanical  p r o p e r t i e s ,  i t  is 

a l s o  t r u e  t h h t  c o a t i n g s  have an i n h e r e n t  l e v e l  of  damage t o l e r a n c e  and t h a t  n o t  

a l l  v i s u a l  e f f e c t s  ,: apparent  damage t o  t h e  c o a t i n g  a c t u a l l y  impa i r  t h e  e f f e c t i v e -  

n e s s  of t h e  coa t ing .  The pu rpcse  of t h e  s tudy  o f  damage causes  and damage t o l e r -  

ance t e s t i n g  can b e  summarized as fo l lows :  

a )  t o  i d e n t i f y  t h e  p robab le  causes  of damage t o  an o p e r a t i o n a l  r e e n t r y  

v e h i c i e  

b )  t o  i l l u s t r a t e ,  by example, appa ren t  damage which can be  r e a d i l y  d e t e c t e d  

b u t  does n o t  s i g n i f i c a n t l y  impai r  t h e  f u n c t i o n  of t h e  p r o t e c t i v e  c o a t i n g  

c )  t o  i l l u s t r a t e ,  by example, damage which w i l l  s i g n i f i c a n t l y  impair  t h e  

p r o t e c t i v e n e s s  o f  t h e  c o a t i n g  

d) t o  e s t a b l i s h  v i s u a l  c r i t e r i a  f o r  a s s e s ~ i n g  damage r e p a i r  requi rements  

2) t o  i d e n t i f y  t h e  types  of p h y s i c a l  dan!?t-:t> which must be  l o c a t e d  and e v a l -  

ua t ed  by a p p r o p r i a t e  i n s p e c t i o n  techrilques 

f )  t o  de te rmine  l e v e l s  of f o r c e  r e q u i r e a  to  s u s t a i n  damage t o  t h e  p r o t e c t i v e  

coa t ings .  

5 .1  PROCEDURE - The procedure  employed was t o  cons ide r  t h e  fo l lowing  types  of 

damage : 

b a l l i s t i c  impact s c r a t c h e s  

edge impact  ab r a s  i on  

d i s t o r t  ion  c o a t i n g  f laws  

Each type  of damage w a s  cot ls idered from t h e  i n i t i a l  viewpoint  of expe r i ence  

ob ta ined  w i t h  p a s t  f l i g h t  hardware programs which employed coa ted  columbium. The 

a p p l i c a b i l i t y  o f  p a s t  expe r i ence  t o  p r o j e c t e d  f u t u r e  requi rements  was ana lyzed  anc 

new o r  unique requi rements  were i d e n t i f i e d .  This  i n fo rma t ion  was employed t o  

e s t a b l i s h  a  t e s t i n g  method f o r  each type  of damage and then  damage t o l e r a n c e  

t e s t i n g  on coupons was performed. 

T h i s  s t u d y  sought  t o  e s t a b l i s h  c o a t i n g  t o l e r a n c e s  t o  two l e v e l s  of  damage: 

(1)  damage which would n o t  s i g n i f i c a n t l y  a f f e c t  tile c o a t i n g  l i f e ,  and 

c (2) damage which would cause  r a p i d  f a i l u r e  of t h e  p r o t e c t i v e  c o a t i n g .  

M C D O W W E U  DOUdUS A S T R O W A U t l C S  COMMNV - m A l T  
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An ox ida t ion  t e s t  of 25 hours a t  2400°F i n  a one atmosphere furnace was used t o  

e s t a b l i s h  t h e  e f f e c t  of the  damage on the  coat ing.  I n  each type of t e s t i n g  t h e  

mate r i a l s  used were Cb-752 a l l o y  wi th  the  Sylvania R-512E coat ing and C-129Y a l l o y  

wi th  t h e  VAC-HYD VH-109 coat ing.  

5.2 BALLISTIC IMPACT DAMACE - B a l l i s t i c  impact damage usua l ly  is caused by 

an o b j e c t  s t r i k i n g  the  coated su r face .  The primary cause is small-mass projec- 

t i l e s ,  such as h a i l  o r  micrometeoroids, which s t r i k e  a t  r e l a t i v e l y  high v e l o c i t i e s .  

B a l l i s t i c  damage a l s o  includes  handling damage which occurs when ob jec t s  such as  

t o o l s  s t r i k e  t h e  su r face .  This low v e l o c i t y  handling damage t o  su r faces  is d i s -  

cussed i n  t h e  d i s t o r t i o n  s e c t i o n  of paragraph 5.4. 

5.2.1 P a s t  Experience - P a s t  exper ie tce  wi th  b a l l i s t i c  impact IS l imi ted .  

'Itro MDC f l i g h t  veh ic les ,  ASSET and BGRV, which employed coated columbium were 

s i n g l e  f l i g h t  designs i n  which b a l l i s t i c  impact was of minor importance. Ba l l i s -  
i 

t i c  impact con side ratio,^^ were o r i en ted  toward prevent ing impact, a s  opposed t o  

desigiiing o r  t e s t i n g  f o r  impact. 

B a l l i s t i c  impact t e s t s  a t  e levated temperature have been conducted by Sylvania 

on coated columbium intended a s  a j e t  engine tu rb ine  b lade  m a t e r i a l  ( r e fe rence  3).  

Duc t i l i ty  of coat ings  and s u b s t r a t e  improves wi th  inc reas ing  temperature. The 

b a l l i s t i c  impact temperature of i n t e r e s t  f o r  an opera t iona l  S h u t t l e  w i l l  be  approxi- 0 : 
mately room temperature o r  below and the  m a t e r i a l  w i l l  be  s u b s t a ~ t i a l l y  th inner  

than t u r b i n e  b lade  gauges. Sylvania ' s  experience was employed i n  t h i s  program 1 
i 

a s  t e s t  techniques and equipment. 
i 

5.2.2 Approach t o  B a l l i s t i c  Impact - The approach to  t h e  s t ~ d y  of b a l l i s t i c  i 
t 

impact i n  t h i s  program w i l l  be  t o  det-;mine the  energy required t o  cause coat ing I 
i 

damage by an average , i ze  p r o j e c t i l e .  I n  a c t u a l  p r a c t i c e  b a l l i s t i c  impact could 1 
r 

cause t h r e e  d i s t i n c t  types of  damage: i 

a )  t h e  p r o j e c t i l e  could pass  through t h e  panel  o r  f r a c t u r e  t h e  s u b s t r a t e  

b )  t h e  p r o j e c t i l e  could dent o r  deform the  s u b s t r a t e ,  thus damaging t h e  

coa t ing  without necessa r i ly  dzmaging . he underlying s u b s t r a t e  

c )  t h e  p r o j e c t i l e  could damage t h e  cca t ing  wi thout  deforming +.hl s u b s t r a t e .  

The case  of t h e  p r o j e c t i l e  pass ing through o r  f r a c t u r i n g  t h e  panel  was no t  

considered i n  t h i s  coupon damage and eva lua t ion  s tudy,  s i n c e  t h e  primary quest ion 

concerns the  s t r u c t u r a l  i n t e g r i t y  of t h e  panel  a f t e r  t h e  coa t ing  has been l o c a l l y  

destroyed. However, t h e  case  was considered i n  the  r e p a i r  coa t ing  a p p l i c a t i o n  

por t ions ,  i n  which the  columbium was p ro tec ted  and the  ho le  aerodynamically 



COATED COLUMBIUM 
TPS FIELD REPAIR FINAL REPORT 

REPORT MDC E0681 
15 SEPTEMBER 1972 

r epa i r ed .  

The ca se  i n  which the  s u b s t r a t e  i s  dented  b u t  n o t  f r a c t u r e d  r e q u i r e s  two 

impor tan t  c o n s i d e r a t i o n s .  The c o a t i n g  o c  t h e  impact s u r f  ace  w i l l  encounter  com- 

p r e s s i v e  l o a d i n g  both from t h e  impact  and from be ing  on t h e  compressive (concdve) 

s i d e  of t h e  bend. Damage w i l l  o ccu r  a s  t h e  compressive s t r e n g t h  of t h e  c o a t i n g  is 

exceeded o r  s h e a r  conponents i n t e r a c t  w i th  normal c r acks  w i t h i n  t h e  c o a t i n g .  On 

t h e  r e v e r s e  s i d e  of t h e  impact ,  t h e  c o a t i n g s  a r e  loaded i n  t e n s i o n .  S ince  t h e  

coa t ings  a r e  u s u a l l y  a l r e a d y  t e n s i o n  c r acked ,  t h e s e  c r a c k s  were expec ted  t o  open 

wider  w i thou t  a c t u a l  i o s s  of coa t ing .  The widening of c r acks  can a l low a i r  LO 

p e n e t r a t e  t h e  c o a t i n g  and cause o x i d a t i o n .  This  c a s e  was a l s o  t o  be  cons idered  i n  

e v a l u s t i n g  coupons f o r  d i s  t c .  ion  damage. 

Thc c a s e  i n  which t h e  s u b s t r a t e  i s  n o t  damaged o r  deformed a t  impact is 

obvious ly  a  ca se  i n  which t h e  c o a t i n g  c o n d i t i o n  is  t h e  only  c o n s i d e r a t i o n .  I f  t h e  

gauges of t h e  s k i n  were heavy, o r  t h e r e  was unde r ly ing  suppor t  s t r u c t u r e  t o  back 

up t h e  s k i n ,  che k i n e t i c  energy a t  impact could  be l a r g e  w i thou t  delorming o r  

p e n e t r a t i n g  t h e  s u b s t r a t e .  T: Mas a n t i c i p a t e d  t h a t  t he  primary damage would b e  

s u s t a i n e d  on t h e  impact  s i d e ,  w i th  p o s s i b l e  c rush ing  and s p a l l a t i o n  of t h e  c o a t i n g .  

This  c a s e  was i n v e s t i g a t e d  by backing up t h e  coa ted  coupon p r i o r  t o  b a l l i s t i c  

impact.  

5.2.3 B a l l i s t i c  Impact T e s t i n g  and - R e s u l t s  - The b a l l i s t i c  impact ing  of t h e  

coa ted  columbium coupons was conducted a t  Sy lvan ia  L a b o r a t o r i e s ,  u s ing  a  c a l i b r a t e d  

Crossman a i r  p i s t o l .  A l l  impact ing was performed wi th  a 0 .177-ca l iber ,  0.75-gram 

s t e e l  p r o j e c t i l e .  V e l o c i t i e s  of 50 t o  210 f t / s c c  producir-g k i n e t i c  e n e r g i e s  a t  

impact of 0.19 t o  1 .6  l b - f t  were i n v e s t i g a t e d .  It was determined t n a t  E? .v=loci.ty 

of 210 f t l s e c  was s u f f i c i e n t  t o  d e n t  s e v e r e l y  and t o  f r a c t u r e  a  coa ted  c o i u m b i u ~  

s u b s t r a t e  of .020-inch t h i c k n e s s .  The m a j o r i t y  of t h e  t e s t i n g  was conducted i n  

t h e  range  of 50 t o  150 f t l s e c .  

A summary of t h e  t e s t i n g  is  p re sen ted  i n  t a b l e  5-1, and f  Igu re  5-1 shows 

examples o f  coupons damaged a t  approximate ly  200 f t l s e c  impact v e l o c i t y .  Obviollslv 

t h e  c o a t i n g  was damaged t o  t h e  e x t e n t  t h a t  o x i d a t i o n  t e s t i n g  was n o t  n e c e s s a r y .  

F igu re s  5-2 and 5-3 show examples of  b a l l i s t i c  s i t e s  b e f o r e  and a f t e r  o x i d a t i o n  

t e s t i n g .  Ne i the r  t h e  Sy lvan ia  R-512E coated  Cb-752 nor  t h e  VAC-HYD VH-109 Wi,s 

damaged s i g n i f i c a n t l y  a t  an impact of  70 f t / s e c  o r  l e s s .  F igu re s  5-h and 5 -5  

shew t h e  e f f e c t  of  backing  up t h e  0.02-j.lch t h i c k  coupons t o  p reven t  t h e  me ta l  

from y i e l d i n g .  I n  t h i s  c a s e  impact v e l o c i t i e s  a s  h igh  a s  145 f  t / * i e c  w- r e  r equ i r ed  

t o  cause  s i g n i f i c a n t  l o s s  of c o a t i n g  p r c t e c t i v e n e s s ,  emphasizing t h a t  t h e  damage 
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Table  5-1 

SUMMARY OF BALLISTIC IMPACT TEST RESULTS 

S C  1 A L L W A N D  
COATING 

IMPACT OXIDATION ONE HOUR 
VELOCITY CYCLES TO C??.TING 
IFT,SEC) FAILURE AT 2400°F 

BACKED L ?  COATING SEVERELY DAMAGED AND 
NOT TESTED. SEE FIGURE 5-1 1 184 1 FOR VISUAL APPEARANCE 

I 
j 135 

!MPACT AREA NOT 
f3ACKED UP 

N F - . - - . - - - 
SOLID BACK-UP 25 iK- 

25 E1: 

25 %F 

75.F - 
13 

IMPACT AREA NOT l! 
BACKED UP I I 1 
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2 X  1X 

SY LVANIA R-512E COATING AFTER 222 FT SEC IMPACT VAC-HYD VH-109 COATING AFTER 184 FT SES IMPACT 

357-1175 COATING DAMAGE FROM BALLISTIC PROJECTILES Figure 5-1 

t o  the  coa t ing  is c l o s e l y  r e l a t e d  to  the  s t a b i l i t y  o f  t h e  m d s r l y i n g  su5s:rate. 

In  b a l l i s t i c  i ~ p d c t ,  a  t h i n  skinned h e a t  s h i e l d  panel  would be espected t o  b e  less 

t o l e r a a t  than a i leavier  gauge l e a d i n g  edge a d  such t o l e r a n c e  wculd probably be  

proportior-a1 t o  s u b s t r a t e  th ickness .  I n  t h i n  gauges (0.020 inch o r  l e s s  j >- ie ld ing 
of t h e  s u 5 s t r a t e  b e 1 . o ~  t h e  c o a t i n g  \s-ould be  the  l i m i t i n g  f a c t c r ,  because the 

i -n termeta l l ic  coa t ing  does no t  have s u f f i c i e n t  d u c t i l i t y  t o  y i e l d  rcith t n e  sub- 

s t r a t e  upon f r a c t ~ r i n g .  

5.3 EDGE I>lPXCE - Edge impact damage covers  chipping of coated edges,  one of 

t h e  most common types  o f  damage. Chipping d i f f e r s  from s u r f a c e  impact damage i n  

appearance, s i g n i f i c a n c e ,  and t h e  coa t ing  t o l e r a n c e  of  such damage. 

5.3.1 Coated Refractory  Zletal Experience - P a s t  exper ience  has  shown t h a t  

t he  most common cause  of c o a t i n g  damage is impact on edges. Edges a r e  more sus- 

c e p t i b l e  than s u r f a c e s  ;o c o l l i s i o n  damage dur ing  handl ing and i n s  ta! l a t i o n .  The 

s u s c e p t i b i l i t v  of an edge t o  impact damage is r e l a t e d  t o  t h e  q u a l i t y  o; the  c - a t i n g  

a t  the  edge a s  we l l  as t o  t h e  angle  of impact and the  k i n e t i c  energy a t  impact. 

F igure  5-6 shows a poorly coated edge and f i g u r e  5-7 shows an adequate ly  coated 

edge. 

MCDOWNPLL DOUdLLIS ASTIPONAUTICS COMPANY - EAiBT 
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ss n scc rx 70 FT SEC 4x 80 FT SEC 4x 90 n SEC rx 

HR FAILURE 

25 I No 

HR FAILURE 

25 1 No 
FAILURE 

R-512E SPECIMENS AFTER OXIDATION TESTlNG 

i 55 FTi5EC 2X 70 FT SEC 2X 80FTSEC 2X 90 FT SEC 2X 

t SYLVANIA R-512E COATING AFTER BALLISTIC IMPACT AND OXIDATION TESTING 240@F 

 pas^ experience has shown t h a t  the type of i n t e rme ta l l i c  compound formed at 

the  i n t e r f a c e  of the subs t r a t e  influences the  res i s tance  t o  edge chipping and 

influences t h e  ex ten t  02 coat ing damage. Since shear  s t r e s s e s  a t  the  i n t e r f a c e  

of t he  coating and the  s u b s t r a t e  can be  s u b s t a n t i a l ,  i t  is des i r ab le  t o  have a 

system which f a i l s  within the  coating i n  b r i t t l e  f rac ture .  This is b e t t e r  than 

f a i l i n g  i n  i n t e r f a c i a l  shear ,  which allows l a r g e r  areas  t o  be  damaged and the 

t o t a l  thickness of the coating t o  be l o s t .  Figure 5-1 shows these  two types of 

f a i l u r e  i n  b a l l i s t i c  impact. The R-512E specimens show b r i t t l e  f r ac tu re  and the  

VH-109 specimens show shear  a t  the in t e r f ace  and a l a rge r  a f fec ted  area. Reference 

k 4 descrLbes edge impact t e s t i n g  and coating process s tud ie s  r e l a t ed  t o  edge damage. 

P W C W N N C U  DOUdUS -A-CS COMMNV - 1 1 1 T  
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VH-109 SPECIMENS AFTER BALLISTIC IMPACT 

55 n . s ~ c  rx 70 FT SEC 4 x  BC FT SEC 4x YO FT SEC 4~ 

I 
i m  HR FAILURE 
1 

VH-109 SPECIMENS AFTER OX104nON TESTING 

55 FT SEC 2X 70FT SEC 2X 60 FT SEC 2X 90 FT SEC 2X 

VAC-HYD VH-109 COATING AFTER BALI.ISTIC IMPACT AND OXIDATION TESTING 

Figure 5-3 

5.3.2 P r o g r x  Considerations - It is an t i c ipa t ed  t h a t  S h u t t l e  edge impact 

damage considerat ions w i l l  be r e l a t ed  pr imari ly  t o  impacts incurred during handling 

and i n s t a l l a t i o n s .  Although edge impact could occur i n  f l i g h t  operat ions,  t he  

probabi l i ty  of sur face  impact is much g rea t e r  s i n c e  the edges are l e s s  vulnerable  

a f t e r  i n s t a l l a t i o n .  Edge impact during handling and i n s t a l l a t i o n  is v i r t u a l l y  

impossible t o  quant i fy ,  because impact c o l l i s i o n  could oczur with many d i f f e r e n t  

objects .  

5.3.3 Edge Impact Test ing and Results - Simulated edge impact was accom- 

p l i shed  with a simple pendulum apparatus i n  which the  pendulum arm was ra i sed  t o  

t he  desired height  by r o t a t i n g  and allowed t o  s t r i k e  the edge of a test coupon 
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120 FT SEC 145 FT SEC -. 
< d 

i 1 

I - 1 M  FT SEC 105 F . SEC 
n 

AFTEll 
OXIDATION 

SYLVANIA R-512E AFTER BACKED UP BALLISTIC IMPACT AND OXIDATION 
TESTING AT 2400°F 

. 
I 4g-1178 Figure 5-4 

5-8 m. 
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EARLY FAILURES REPAIR COATED 
TO CONTINUE TESTING 

25 X 

145 FT SEC IMPACT 

1.6X 

AFTER OXIDATION TESTING 

VAC-HYD VH-109 AFTER BACKED UP BALLiSTlC IMPACT AND OXIDATION 
357-1175 TESTING AT 2400°F Figure 5-5 

~ l a q e d  t o  hold  the  edge pe rpend icu la r  t o  the  f r e e  f a l l  pa tch  of t h e  pendulua 

a m .  The impact energy :?-,as taken :o be  t h e  product of t h e  weigh: of the  pendulum 

arm and the  change i n  : ~ e i ~ h t  of  t h e  c e n t e r  of g r a v i t y  o f  t h e  arm dur ing  t h e  

impact swing. Coupons o f  R-512E coated Cb-752 and CX-109 coated C-129Y were 

damaged at  va r ious  l e v e l s  =d o x i d a t i o n  t e s t e d  f o r  25 hours  a t  240G°F o r  u n t i l  

f a i l u r e  occurred.  Table 5-2 p r e s e n t s  t h e  edge impact d a t a  and o x i d a t i o n  t e s t  

r e s u l t s .  Exauiples of  edge impact specimens a r e  shown i n  f i g u r e s  5-8 and 5-9. 

5.4 DISTORTIOS - D i s t o r t i o n  occurs  when a  meta l  structure assumes ano the r  

shape under the  i n f l u e n c e  of a load.  D i s t o r t i o n  can cause damage t 3  t h e  c o a t i n g  

because of  the  l i m i t e d  d u c t i l i t y  o f  t h e  c o a t i n g  a t  low o r  in te rmedia te  tempera- 

t u r e s .  Coatings a r e  g e n e r a l l y  considered t o  accept  e l a s t i c  s t r a i n  of t h e  sub- 

s t r a t e  wi th  no effect upon - i . fe .  The amount of  p l a s t i c  s t r a i n  t h a t  c o a t i n g s  can 

t o l e r a t e  r equ i red  more resea rch .  

5.4.1 Pas t  Coated Columbium Experience - Coating danage due t o  s u b s t r a t e  

i 
1 .* MCDONNELL DOUeLAS ASTRONAUr8eS COMPANY - € A S r  -. 
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EXAMPLE OF POOR Q;IALITY EDGE COATING 
FIGURE 5-6 

(VH-109 COATING 
ON C-129YI 

EXAMPLEOF GOODQUALITYEDGECOATING 

5-1 0 

Figure 5-7 

m 
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Table 5-2 

EDGE IMPACT TEST RESULTS 

NOTE: NF DESIGNATES THAT THE SPECIMEN DID NOT FAIL. 

d i s t o r t i o n  on p a s t  f l i g h t  v e h i c l e s  h a s  occurred i n  t h e  use of threaded f a s t e n e r s .  

The f i r s t  a r e a  involved the  high-tcrque recesses  o f  a r e l a t i v e l y  weak columbium 

a l l o y  (Cb-5Zr). The screw t ads were a minimum s i z e  and t h e  torqueing a f  t h e  

f a s t e n e r s  caused one s i d e  of t h e  t o o l  r e c e s s  t o  y i e l d ,  causing an eyebrow, o r  

bur r ,  of  metal  t o  be pushed up. The coa t ing  could not  deform wi thou t  f r a c t u r e  

and f i e l d  r e p a i r  was required t o  prevent  ox ida t ion  i n  s e v e r e  cases .  L second 

problem involved threaded f a s t e n e r s  i n  t h e  se l f - lock ing  mechanism which depend 

on d i s t o r t i o n  of p a r t  of the  n u t  t o  e f f e c t  t h e  locking.  Th is  c a s e  was a combina- 

t i o n  of s u b s t r a t e  deformation,  which t ends  t o  weaken t h e  coa t ing ,  and t h e  n a t u r a l  

tendency of t h e  coa t ing  t o  be prone t o  d e f e c t s  on t h e  edges *.f t h e  sharp ,  s m a l l  

r a d i u s  threads .  I n  both  cases ,  however, t h e  c o a t i n g  s u s t a i n e d  damage due t o  

deformation i n  l o c a l  areas where e l a s t i c  s t r a i n s  were high o r  a c t u a l  p l a s t i c  

s t r a i n  occurred.  Although i t  might b e  argued t h a t  t h e  problems were of des ign 

r a t h e r  than of m a t e r i a l s  behavior ,  des ign choices  cannot always a m i d  a l l  m a t e r i a l  

l i m i t a t i o n s .  

The BGRV v e h i c l e  s u c c e s s f u l l y  employed coated columbium s e a l s  f o r  t h e  f l a i r  

ENERGY 
IN.-LB 

0.03 
0.06 
0.06 
0.09 
0.12 
0.15 
3.18 
0.20 

0.03 
0.06 
0.26 
0.67 
1.1 
1.6 
2.3 
3.1 

SPECIMEN NO. 
AND 

IMPACT SlTE 

88-1 
2 
3 
4 
5 
6 
7 
8 

51 -1 
2 
3 
4 
5 
6 
7 
8 

OXIDATION LIFE AT 2400'~ 
(HOUR FAILURE OCCURRED) 

VAC-HYD NO- 
AND 

IMPACT SlTE 

68-1 
2 
3 
4 
5 
6 
7 
8 

913-1 
2 
3 
4 
5 
6 
7 
8 

R-512E 

25 NF 
25 NF 
25 NF 
25 NF 
1 
1 
1 
1 

25 NF 
25 NF 

1 
1 
1 
1 
1 
1 

VH-109 
I 

25 NF 
25 NF 
25 NF 
25 NF 
25 NF 
25 NF 

7 
6 

25 NF 
25 NF 

1 
1 
1 
1 
1 
1 
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0.03 IN. LB 
1.6X 

AFTER 1 HOUR 9~ 2400'~  

SYLVANIA R-512E EDGE IMPACT SPECIMENS Figure 5-8 

3 

AFTER 1 HOUR AT 2400'~  

VAC-HYD VH-109 EDGE IMPACT SPECIMENS 
Figure 5-9 

MCDOIYNELL DOUdUS ASTRCDUAUTICS COMPANY - EA9r 
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assembly. I n  t h i s  case ,  t h e  s r r a i n  magnitudes could be  reduced by d i s t r i b u t i n g  

t h e  bending over  a s u f f i c i e n t  l e n g t h  t o  accommodate t h e  d e s i r e d  displacement .  

Spr ing c l i p s  a l s o  have been employed s a t i s f a c t o r i l y  i n  an expansion j o i n t  between 

coated molybdenum pane1.s and g r a p h i t e  l ead ing  edges. Spr ing c l i p s  of bo th  colum- 

bium and molybdenum have been used ex tens ive ly  t o  s e c u r e  thermocouple shea ths  and 

i n s u l a t i o n s .  

I n  summary, good design p r a c t i c e  does n o t  load coated columbium s t r u c t u r e s  t o  

produce p l a s t i c  s t r a i n .  I n  those  cases  i n  which cons iderab le  e l a s t i c  s t r a -  3 have 

been experienced,  t h e  c c a t i n g s  have performed wel l .  I n  some cases  i n s u f f i c i e n t  

des ign l a t i t u d e  h a s  caused p l a s t i c  s t r a i n ,  and r e s u l t a n t  problems i n  l o c a l  a r e a s  

have occurred.  Accidenta l  damage can occur i n  handl ing and i n s t a l l a t i o n ,  a s  

p rev ious ly  discussed under edge impact. Handling damage can bend a corner  of a 

panel,  a c l i p ,  o r  a doubler on t h e  back s i d e  o f  t h e  panel .  I n  such even t s ,  the  

magnitude of the  load  and t h e  bend r a d i u s  cannot r e a d i l y  be  p red ic ted .  

5.4.2 Program Considerat ions  - The primary cons idera t ion  f o r  s hypersonic 

r e e n t r y  v e h i c l e  w i l l  be handl ing and i n s t a l l a t i o n  damage which bends o r  defcrms 

t h e  s u b s t r a t e  and damages t h e  coat ing.  Design a r e a s  of p o s s i b l e  concern w i l l  be 

t h e  use  of columbium s p r i n g  s e a l s  ( i . e .  around landing gear  door) and threaded 

fas teners .  The design and development of t h e s e  i tems has  n o t  progressed t o  a 

p o i n t  where s p e c i f i c  t e s t i n g  c r i t e r i a  can be formulated. 

5.4.3 Approach t o  Deformation - The p r i n c i p a l  approach t o  steldying coa t ing  

damage caused by deformation w i l l  be t o  employ bend t e s t s .  'These tests w i l l  y i e l d  

accura te  d a t a  concerning t h e  bend ang le  required f o r  a given bend r a d i u s  t o  cause  

coa t ing  damage s u f f i c i e n t  t o  a f f e c t  coa t ing  l i f e .  Scch d a t a  shoul, be  a p p l i c a b l e  

t o  a wide v a r i e t y  of des ign c r i t e r i a  deformation, a s  w e l l  a s  t o  a n a l y s i s  of 

handl ing damage. 

5.4.4 D i s t o r t i o n  Tes t ing  and Resu l t s  - D i s t o r t i o n  t e s t i n g  was accomplished 

wi th  ar. ?!a-216M bend test f i x t u r e .  Coupons of R-512E-coated Cb-752 and VH-109- 

coated C-129Y were bent  a t  2, 10, and 20 T (T = m a t e r i a l  t h i c k n e s s ) .  Typ ica l  

examples of t h e s e  bends are shown i n  f i g u r e s  5-10 an3 5-11. For each bend r a d i u s  

and coa t ing  combination, d i s t o r t i o n  was induced Zirst t o  an e x t e n t  t h a t  t h e  l i f e  of 

t k e  coa t ing  would n o t  be s i g n i f i c a n t l y  a f f e c t e d ,  and secondly,  t o  a p o i n t  where 

coa t ing  f a i l u r e  would occur rap id ly .  The specimens used were t h e  0.020-inch cou- 

pons desc r ibed  i n  s e c t i o n  3. The ox ida t ion  t e s t i n g  was conducted at  2400°F a t  one 

atmosphere a i r  p r e s s u r e  w i t h  t h e  t e s t i n g  terminated a f t e r  25 1-hour cyc les  i f  

f a i l u r e  had n o t  occurred.  
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TYPICAL SYLVANIA R-512E/Cb-752 BEND SPECIMENS Figure 5-10 I 

The d i s t o r t i o n  test r e s u l t s  are presented i n  t a b l e  5-3 and t y p i c a l  bends f o r  

both coatings a r e  shown i n  f i gu re s  5-10 and 5-11. The bend t e s t i n g  produced th ree  

types of coating defects .  Spa l l ing  of t h e  coat ing on t h e  compression su r f ace  and 

chipping of t he  edges occurred f i r s t  as i l l u s t r a t e d  i n  f i gu re  5-12. The t h i r d  and 

l e a s t  detr imental  type of defec t  was cracking of t h e  coat ing on t h e  tension s i d e ,  

i l l u s t r a t e d  i n  f i gu re  5-13. Coating damage on t h e  compression sur face  was found 

t o  be t h e  most detr imental  wi th  t h e  R-512E and VH-109 coat ings showing e a r l y  

f a i l u r e  when bent  a t  1 0  T t o  more than 18 and 9 degrees,  respect ively.  It was 

found t h a t  t h e  compression s p a l l a t i o n  posed a s e r ious  problem when the  coating 

sheared a t  t h e  subs t r a t e ,  thus producing a t o t a l  l o s s  of coating i n  t h e  damaged 

a r ea  ( f igure  5-12). The tension cracking proved t o  be  much l e s s  c r i t i c a l ,  and 

r e p a i r  coat ings had t o  be  appl ied t o  compression sur face  damage a reas  t o  test the  

tens ion  cracking condition. The VH-109 coating was bent t o  a 66-degree permanent 

set at 2 T and t o  a 98-degree permanent s e t  a t  20 T. Seven hours were required t o  
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TYPICAL VAC-HYD VH-109lC-129Y BEND SPECIMENS 
Figure 5-1 1 

i n i t i a t e  oxidation f a i l u r e  on the  tension s ide.  The R-51E coating was bent t o  a 

50-degree permanent set a t  2 T and t o  a 90-degree s e t  a t  20 T; i t  did not f a i l  

even a f t e r  25 hours a t  2400°F. The d i f fe rence  i n  type of damage sustained on the  

compression and tension s i d e  is shown i n  cross  sec t ion  i n  f igure  5-14. The coating 

on the  compression surface was sheared a t  t he  subs t r a t e ,  leaving a subs t an t i a l  

a rea  of unprotected columbium. On the  tension sur face ,  t he  tension crack simply 

opened up and the coating remained i n  place. The s m a l l  a r ea  exposed, and the  

proximity of coating (producing an oxide and closing up t h e  crack) ,  accounts f o r  

t he  grea t  d i f fe rence  i n  oxidat ion performance between the  surfaces.  Figure 5-15 

shows typ ica l  examples of t h e  oxidation f a i l u r e s  which were experienced. 

5.5 SCRATCHING 

5.5.1 Pas t  Experience - Marks made by s o f t e r  mater ia l s  t r ans fe r r ed  onto t h e  

coating a r e  of ten  mistakenly ca l l ed  scra tches  . Although coatings vary considerably 

i n  the  t ex tu re  a?d physical  na ture  of the surface,  most coatings readi ly  show evi- 
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T a b l e  5-3 

BENDING DISTORTION TEST RESULTS 3 
SPECIMEN NO. ANGLE OF CXlDATlON L IFE  

AND 
BEND PERMANENT REPAIRED AREA AT 2400 '~  FAILURE LOCATION 

DESIGNATION SET - DEG HOURS 
I 

SY L-24 17 NONE 1 COMPRESSION AND EDGE 

SY L-46 31 NONE 1 COMPRESSION AND EDGE 

SY L-91 24 COMPRESSION AND EDGE 25 N F  

SY L-90 2T 50 COMPRESSION AND EDGE 25 NF  

VAC-94 18 NONE 1 COMPRESSION AND EDGE 

VAC-910 17 NONE 1 COMPRESSION AND EDGE 

VAC-928 25 COMPRESSION AND EDGE 25 N F  

VAC-912 66 COMPRESSION AND EDGE 7 TENSION CRACKS 
7 

S Y L 4 7  43 NONE 1 COMPRESSION AND EDGE 

SY L-48  39 NONE 1 COMPRESSION AND EDGE 

SY L-89 1 OT 18 NONE 25 NF 

VAC-916 16 NONE 1 COMPRESSION AND EDGE 

VAC-922 30 NONE 1 COMPRESSION AND EDGE 

VAC-919 9 NONE 25 N F  

VAC-91' . 98 COMPRESSION AND EDGE 6 TENSION CRACKS 

SY 1 .49  90 NONE 25 N F  

VAC-924 20T 30 NONE 1 COMPRESSION AND EDGE 

VAC-937 21 NONE 7 EDGE 

dence of ha rd  o b j e c t s  be ing  moved a c o r s s  t h e  s u r f a c e  w i t h  s u f f i c i e n t  f c r c e  t o  

produce a  l i n e  resembling a  s c r a t c h .  I n  ~ o s t  occurrences .  t h e  o b j e c t  i n t e r a c t i n g  

wi th  t h e  coa t ing  is  not  a s  hard  a s  t h e  i n t e r m e t a l l i c  o r  oxide compounds p r e s e n t  on 

t h e  s u r f a c e  a d  t h e  i n t e r a c t i o n  i s  n o t  s t r o n g  enough t o  deform t h e  s u b s t r a t e  o r  

f r a c t u r e  t h e  coat ing.  The mark remaining on "Le s u r f a c e  of t h e  c o a t i n g  e i t h e ;  is 

t h e  s o f t e r  o b j e c t  which has  been abraded away and depos i t ed  on t h e  s u r f a c e  of t h e  

coa t ing ,  o r  i s  a s u p e r f i c i a l  f r a c t u r e  of  t h e  o u t e r  l a y e r  of t h e  coa t ing .  Reca l l  

t h a t  t h e  c o l o r  and g e n e r a l  phys ica l  appearance o f  t h e  i n t e r m e t a l l i c  compounds t h a t  

compose most of t h e  c o a t i n g  do no t  corrsspond t o  t h e  gray ( o f t e n  dark  and matted) 

appearance o f  t h e  c o a t i n g  s u r f a c e .  Because t h i s  e x t e r i o r  l a y e r  is t o o  t h i n  t o  be 

observed i n  a  pho ton ic rograph ic  c r o s s  s e c t i o n ,  knowledge about i t  i s  !.imited!, but  

i t  is  be l i eved  t o  c o n s i s t  of oxides  and byproducts of  t h e  c o a t i n g  p rocess  which 

a r e  depos i t ed  on t h e  s u r f a c e .  I n  some cases ,  it  can be  shown t h a t  a  scratcl-.  has 
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9 X 
FAILURE WILL OCCUR IN 1 HOUR FAILURE WILL NOT OCCUR IN 25 HOURS 

457-1 186 EXAMPLES OF COMPRESSION SURFACE DAMAGE Figure 5-1 2 

p e n e t r a t e d  t h i s  l a y e r ,  exposing t h e  c o l o r  and p h y s i c a l  appearance a s s o c i a t e d  wi th  

t h e  a c t u a l  i n t e r m e t a l l i c  coat ing.  

Ln t h e  p a s t ,  s c r a t c h e s  and marks on t h e  s u r f a c e  have been exm.ined wi th  low 

power magnif ica t ion ( i . e . ,  l ox ) ,  scmetimes w i t h  t h e  a i d  of simple t o o l s .  For 

example, l i g h t l y  sanding a p o r t i o n  of  a  s c r a t c h  w i l l  qu ick ly  r e v e a l  i f  a super-  

f i c i a l  l a y e r  of t h e  coa t ing  has  been removed t o  expose t h e  b a s i c  under ly ing coa t ing  

compounds. Silch sanding is accep tab le  s i n c e  t h e  s u p e r f i c i a l  l a y e r  of t h e  coa t ing  

can e a s i l y  be sanded away wi th  no  compromise t o  t h e  l i f e  of t h e  coa t ing .  I n  

summary, s c r a t c h i n g  o r  marking of t h e  coa t ings  has  been a  con t inu ing  problem 

r e q u i r i n g  i n s p e c t i o n  and i n t e r p r e t a t i o n  by people knowledgeable about c o a t i n g  

behavior.  Almost u n i v e r s a l l y ,  che conclus ion has  beer  t h a t  t h e  c o a t i n g  has been 

marked by another  o b j e c t  o r  t h a t  the  s u p e r f i c i a l  s u r f a c e  l a y e r  has  been d i s t u r b e d  

wi th  no d e t r i m e n t a i  e f f e c t .  

iln i n t e r e s t i n g  s i d e l i g h t  tu t h e  s c r a t c h i n g  exper ience  i s  t h e  i n s p e c t i o n  t o  

v e r i f y  t h e  presence of coat ing.  I f  t h e  process  o r  gtometry is such t h a t  uncoated 

+ a r e a s  can occur ,  t h e  meta l  can t ake  on t h e  appearance of t h e  coated s u r f a c e  with- 

o u t  being coated.  I n  such cases  a  s h a r p ,  hardened s c r i b e  has  beta used t o  s c r a t c h  
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FAILURE RILL  OCCUR IN 7 HOURS NO FAILURE 1R 25 HOURS 

457-1187 EXAMPLES OF TENSION SURFACE CRACKINI; 
Figure 5-13 

1 t a d -  - Cb-752 SUBSTRATE 

PLATE N"KEL_i \ 

R-512E BEND SPECIMEN- 150X Figure 5-14 
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HOUR FAILURE IN COMPRESSION DAWGE I 

7 HOUR FAILURE IN TENSION DAMAGE - . . 

EXAMPLES OF TYPICAL OXIDATION FAliURES EXPERIENCED IN BEND SPECIMENS 
- 

I 
457 1183 

Figure 5-15 
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l i g h t l y  t h e  quest ionable  area. The vas t  d i f fe rence  i n  hardness zna ductilic:: 

between t h e  c o a t f ~ g  and the  s u b s t r a t e  is quickly  determined. 

The l imi ted  experience wi th  coa t ing  damage due t o  sc ra tch ing  does no t  mean 

t h a t  t h e  problem d ~ e s  no t  r equ i re  s e r i o u s  consideration.  There is  some evidence 

t h a t  t h e  more cdr ren t  and p resen t ly  a t t a c t i v e  coat ing systems nay be =ore suscept-  

i b l e  t o  scra tching.  It is a l s o  known t h a t  t h e  hardness and sharpness of t h e  

sc ra tch ing  t o o l  a r e  very important i n  determining the  magnitude of f o r c e  required 

t o  damage t h e  coating,  as wel l  a s  t h e  ex ten t  and na tu re  of t h e  damage. 

5.5.3 Program Considerations - The primary considerat ion i n  sc ra tch ing  =ill 

be coat ing damage which nay r e s u l t  from hv ld l ing  o r  i n s t a l l i n g  coated pznels.  .As 

was the  case f o r  edge impact, the re  are no design c r i t e r i a  which c z n  a x i c i p a t e  t h e  

v a r i e t y  of o b j e c t s  and condi t ions  which may cause sc ra tch ing  o r  r e l a t e d  

damage. 

5.5.3 Scratching Danage Test ing and Resul ts  - For t h i s  study, a s c r a t c h  was 

defined a s  damage t o  the  coat ing caused by a hard,  sharp ob jec t  pene t ra t ing  and 

c u t t i n g  t h e  coat ing t o  a measurable depth. Line depos i t s  from s o f t e r  o b j e c t s  cr 

s u p e r f i c i a l  d is turbances  of the  s u r f a c e  were n e t  considered. The s c r a t c h e s  w e r e  

c u t  i n t o  t h e  coat ings  wi th  a 60-degree tungsten carbide  t o o l  mounted i n  a m i l l i n g  

machine. The specimen s u r f a c e  was loca ted  perpendicular t o ,  and j u s t  touching, 

the  t o o l  over  the  des i red  length  of s t roke.  The t o o l  then was pushed i n t o  t h e  

coating t o  the  des i red depth and t h e  machine t a b l e  dr iven t o  produce t h e  des i red  

depth of cut. I n  a,? i n i t i a l  s e t  of specimens s c r a t c h  defected,  t h e  Sylvania 

R-512E coat ing was c u t  t o  a depth of 112, 1, 1-112, and 2 mils  ( f igure  5-16) aild 

the  VAC-HYD VH-109 coat ing was cu t  t o  a depth o f  11'7, 1, 1-112, 2, and 3 m i l s  

( f i g u r e  5-17). After  ox ida t ion  t e s t i n g  a t  2 4 6 0 ' ~  f o r  25 1-hour cycles  a t  one 

atmosphere, t h e  sc ra tches  had produced no ox ida t ion  f a i l u r e  i n  e i t h e r  coat ing 

( see  f igures  5-16 and 5-17). 

A second set of coupons was s i m i l a r l y  prepare-,  wi th  s c r a t c h  depths of 2, 4, 

6, and 8 mils (mi l l ing  machine t o o l  depth measurements). Since the  m i l l i n g  

machine measurements used t h e  h ighes t  po in t s  of ?he coat ing sur face  a s  a zero 

reference and l o c a l  v a r i a t i o n s  i n  coat ing th ickness  o r  coupon waviness could cause 

the  t r u e  average s c r a t c h  depth t o  be l e s s  than the  m i i l i n g  machine readings,  o the r  

me2surement techniques were applied.  An opt ica l  s c r a t c h  depth device  employed 
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BEFORE OXIDATION TESTING 1.4X AFTER OXlDATlON TtjTlNG 25 HOURS - 2500'~ 1.4X 

VAC-HYD VH-109 SCRATCH TESTS BEFORE AND AFTER OXIDATION TESTING 
Figure 5--16 

457 -1 101 

BEFORE OXIDATION TESTING 1.4X AFTER OXIDATION TESTiNG 25 HOURS AT 2400'~ 1.4X 

SYLVANIA R-512E SCRATCH TESTS BEFQRE AND AFTER OXIDATION TESTING 

457-1 190 Figure 5- I 7 

5-21 
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on t h e  second set of test specimens ind ica ted  an average s c r a t c h  depth of 1.5 t o  

2 mils less than the  mi l l ing  machine readings. These depths were confirmed by - -? 
metallographic examination which a l s o  revealed t h a t  the carbi: - t o o l  i n  the  

mi l l ing  machine was deforming the  metal s l i g h t l y ,  accounting f o r  t he  d i f fe rence  

i n  depth measurements (see f igure  5-20). Thus, the s c r a t ch  depths f o r  the  second 

R-512E series of 2, 4, 6, and 8 m i l s  were corrected t o  0.6, 1.9, 4.2, and 5.8 

m i l s ,  respect ively,  and those f o r  the second CX-109 series of  2, 4, 6,  and 8 m i l s  

were corrected t o  0.6, 2.2, 4.3, and 5.9 mils, respect ively.  Af te r  oxidat ion 

t e s t i n g  conducted a t  2400°F, the  6 and & m i l  c u t s  i n  both coat ings f a i .  :L! i n  the  

f i r s t  hour a t  2500°F, but  the  2 and 4-mil sc ra tches  d id  no t  f a i l  a f t e r  25 hours. 

Figures 5-18 and 5-19 show these specimens before  and a f t e r  oxidat ion t e s t i n g ,  

and f igu re  5-20 shows a metallographic s ec t i on  through sc ra t ches  of 4 mils i n  

depth (2 mils  by o p t i c a l  measurement device). Note t h a t  t he  coat ing is cracked 

and broken i n  the s c r a t c h  area,  i nd i ca t i ng  t h a t  a clean cu t  was not  being made. 

In  ac tua l  p rac t ice ,  i t  is unl ike ly  t h a t  a mater ia l  of s u f f i c i e n t  hardness w i l l  

contact  t h e  coat ing t o  cu t  o r  s c r a t ch  without phys ica l ly  damaging t h e  remaining 

coating. 

5.6 ABRASIOX DAYAGE - Abrasion, which occurs  when two sur faces  i n  contact  

a r e  caused t o  move with respec t  t o  each o ther ,  may adversely a f f e c t  a su r f ace  by 

wearing away o r  by ga l l ing .  

5.6.1 Coated Refractory Metal Experience - MDAC has considerable  experience 

with abrasion i n  t h e  production of t h e  ASSET and BGRV f l i g h t  systems. Abrasion 

has occurred i n  low cycle/low load appl ica t ions ,  such a s  thread i n t e r a c t i o n  i n  

fas teners ,  sp r ing  c l i p s ,  panel seals, e tc .  Although abrasion was considered care- 

fu l ly ,  it has  never been a problem. The BGRV program employed coated columbium i n  

a f l a r e  seal appl ica t ion  anc! i n  a s p e c i a l  rnor.~jball bearing. I n  these  appl ica t ions  

t h e  LB-2 aluminide coat ing was appl ied t o  Cb-752 columbium a l loy ,  which proved t o  

be very s a t i s f ac to ry .  Figure 5-21 shows a s l i d i n g  s e a l  t e s t  specimen a f t e r  6,000 

cycles of 8 l b / i n  loading, with a 1-inch s t roke  length and a frequency of 47 

cycles  per  minute. A photomicrograph through the  a r ea  of  highest wear is shorm 

i n  f i gu re  5-21. 

X de ta i l ed  t e s t  program was conducted t o  s e l e c t  and qua l i fy  coat -ili:~rnbium 

as  the bear ing  ma te r i a l  t o  be used a t  2500°F. (The f i n a l  bear ing c i  L,. a t  ion 

is shown i n  f i g u r e  5-22.) Candidate mater ia l s ,  including LB-2-coated Zi-752, e r e  

fabr ica ted  i n t o  simple r a d i a l  bearings and t e s t ed  under BGRV r een t ry  conditions.  



COATED COLUMBIUM 
TPS FIELD REPAIR FINAL REPORT 

REPORT MOC €0681 
15 SEPTEMBER 1972 

BEFORE OXlOATlON TESTING AFTER OXIDATION TESI ING AT 2400°F FOR 25 HOURS 

SYLVANIA R-512E SCRATCH TEST SPECIMENS 
Figure 5-18 

1.2X 

BEFORE OXIDATION TESTING AFTER OXIDATION TESTING AT 2400°F FOR 25 HOURS 

Figure 5-19 
VAC-HYD VH-109 SCRATCH TEST SPECIMENS 
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. PLATING 

COATING 

- Cb-752 SUBSTRATE 
150X 

EECtl.!?C !2!!!?!.?!9 TESTING 

-NICKEL PLATING 
.) . . 

-VH-109 COATING 

. a  C-129Y SUBSTRATE 
150X 

AFTER 5 HOURS 9 T  2400 '~  

SCRATCH DEPTHS OF 2 MILS BEFORE AND AFTER OXIDATION TESTING 
Figure 5-20  
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SLIDING a t L  SPECIMEN 

PHOTOMICROGRAPH OF COATING IN WEAR AREA 
250X 

RESULTS OF BGRV SLIDING SEAL TEST 
Figure 5-21 
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BGRV COATED COLUMBIUM BEARINGS Figure 5-22 

Since  coated columbium proved t o  b e  t h e  material wi th  the  lowest  c o e f f i c i e n t  of 

k i n e t i c  f r i c t i o n  and b e s t  wi ths tood  srear under t h e  requ i rad  loads ,  t h i s  m a t e r i a l  

w a s  s e l e c t e d .  The bea r ings  q u a l i f i e d  and were used successfu!.ly on t h e  f l i g h t  

hardware. General ly ,  no major problems have been encountered i n  our  comprehensive 

exper ience  i n  abrading a p p l i c a t i o n s  of coa ted  columbium. I 

5.6.2 Program Considera t ions  - The s e v e r a l  p o s s i b i l i t i e s  f o r  which dbras ion  

0 w i l l  need t o  be considered i n c l u d e  th read  i n t e r a c t i o n  i n  f a s t e n e r s ,  s p r i n g  c l i p s  

f o r  i n s u l a t i o n  o r  i l s t r u m e n t a t i o n ,  door seals, and pane l  expansion j o i n t s .  Speci- 

f i c  a p p l i c a t i o n s  f c r  which s p e c i f i c  test paramezer- could b e  def ined were not  

i d e n t i f i e d .  

5.6 .3  Abrasion Test ing and R e s u l t s  - An a b r a s i o n  t e s t  appara tus ,  set up and 

a v a i l a b l e  i n  the  Mate r i a l s  Laboratory,  w a s  employed. S ince  s p e ~ i i i c  des ign con- 

d i t i o n s  and parameters were n o t  de f ined ,  a b road- in te res t  a b r a s i o n  test w a s  sought.  
. .  ... The appara tus  r ec ip roca ted  a  loaded specimen h o l d e r  a g a i n s t  s o l i d l y  mounted 

coupons, by means of a  hydraulic ram coupled t o  t h e  specimen h o l d e r  through a  

t . -  s t r a i n  measurement l i n k .  The i n t e r n a l  d e t a i l s  of t h e  t e s t  ap?ara tus  a r e  shown i n  
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f i g u r e  5-23. A square  inch of each coated a l l o y  was epoxy bonded t o  t h e  wear pads 

I. and t h e  comnon coated m a t e r i a l  was pos i t ioned  on t h e  c a r r i e r  b a r  wi th  mechanical 

f a s t e n e r s .  The apparatus  was assembled and t h e  s t r o k e  l e n g t h  a d j u s t e d  t o  0 22 
2 

inch,  a normal .force of 875 l b / i n  of t e a r i n g  a r e a  w a s  app l ied ,  and a ram f o r c e  

of 2,OCO lb was requ i red  t o  s u s t a i n  t h e  motion. One s e t  of specimens was t e s t e d  

f o r  1139 cyc les  (2278 s t r o k e s )  and when t h e  s t r a i n  i n d i c a t ~ r  stkowed a major 

change i n  t h e  s u r f a c e s  of t h e  coa t ings ,  cyc l ing  was terminated.  A second s e t  of 

specimens was t e s t e d  f o r  one-half the  number of cyc les  (631) a s  t h e  f i r s t  set.  

'rhe following t a b l e  g i v e s  t h e  normal loading f o r  each combination o f  specimens 

t es ted :  

NUMBER WEAR ARIA NORMAL STRESS 
SPEC. NO. OF CYCLES ( 1 ~ 2 )  (LB/ INZ) 

VAC-925 0.91 961 

VAC-9 34 11 39 0.88 994 

SYL-6 0.96 910 

FYL-7 0.94 9 31 

VAC-936 0.87 

VAC- 9 2 6 31 0.90 

SYL-9 0.74 

STL-10 0.67 

The specimens a f t e r  t e s t i n g  a r e  shown i n  f i g u r e  5-24. Oxidation t e s t i n g  was n o t  

conducted, s i n c e  t h e  specimens would have f a i l e d  immediately I n  t h e  a r e a s  i n  

which ga'ling had occurred and t h e  underlying s u b s t r a t e  had been d i s tu rbed .  

5.7 COATING DEFECXS - Coating d e f e c t s  a r e  chemical o r  phys ica l  anomalies 

which occur  i n  t h e  coa t ing  and l e a d  t o  premature ox ida t ion  f a i l u r e .  

5.7.1 Pas t  Experience - Although documented cases  of chemical anomalies o r  

d e i e c t s  i n  coated columbium hardware e x i s t ,  t h e s e  a r e  u s u a l l y  a s s o c i a t e d  wi th  

c o s t i n g s  i n  which s u f f i c i e n t  r e l i a b i l i t y  has  n o t  been demonstrated. Qua l i ty  

assurance t e s t i n g  on a r e g u l a r  b a s i s  can be expected t o  i d e n t i f y  such cases .  The 

presence of p h y s i c a l  anomalies is  much more common and r e p r e s e n t s  t h e  a r e a  of 

g r e a t e s t  concern. I n t e r m e t a l l i c  o r  d i f f u s i o n  coa t ings  g e n e r a l l y  reproduce t h e  

phys ica l  s u r f a c e  of t h e  cclumbium accura te ly ,  t h e r e f o r e ,  phys ica l  d e f e c t s  i n  t h e  

coa t ing  a r e  commonly a s s o c i a t e d  wi th  d i s tu rbance  of t h e  columbium s u r f a c e  being 

coated. Edges and c o m e r s  represen t  d i s tu rbances  i n  t h e  s u r f a c e  being coated and 
- {- have proven t o  be t h e  most probable  a r e a  of e a r l y  c c a t i n g  f a i l u r e s .  

MC@OIVIVCU W U O U I  A-NALmCS COMPANY - I A m T  
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457-1197 TYPICAL RESULTS OF ABRASION TESTING Figure 5-24 

While coa t ings  vary  i n  t h e i r  a b i l i t y  t o  p r o t e c t  sha rp  edges,  i t  has  become 

s tandard  p r a c t i c e  t o  r a d i u s  a i l  edges and corners ,  and t h e  more generr.ls t h e  r a d i i ,  

t h e  b e t t e r  the  performance o f  s h e e t  meta l  p a r t s .  MDAC has  pa id  p a r t i c u l a r  a t t e n -  

t i o n ,  on a l l  r e f r a c t o r y  meta l  programs, t o  edge p r e p a r a t i o n  t o  l i m i t  coa t ing  

d e f e c t s  on edges. 

5.7.2 Edge Defect  T e s t i n g  - A s e r i e s  of edge d e f e c t  t e s t  specimens was pre- 

pared t o  s tudy t h e  e f f e c t s  of  sha rp  edges. Standard 2 by 2-inch coupons, desc r ibed  

i n  paragraph 3 ,  were prepared from 0.020-inch columbium a l l o y  s h e e t .  To i n c r e a s e  

the  l eng th  of  l i n e a r  edge d i s t a n c e ,  f o u r  1/2-inch diameter  ho les  were d r i l l e d  i n  

each coupon. The b u r r s  were removed from t h e  edges but  they were no t  r ad iused ,  

and t h e  coupons were coated w i t h  t h e  reques t  t h a t  the  edge p repara t ion  no t  be  

improve?. 

The dimensional  change coa t ing  th ickness  was determined t o  be  2.2 m i l s  p e r  

s u r f a c e  f o r  t h e  Sylvania  R-512E and 2.6 m i l s  p e r  s u r f a c e  f o r  t h e  'IAC-!ELl VH-109. 

A c a r e f u l  examination f o r  edge cracking revealed very  l i t t l e  edge cracking i n  t h e  

R-512E and a  moderate amount i n  t h e  VH-109, wi th  the  d i f f e r e n c e s  noted a t t r i b u t a b l e  

t o  d i f f e r e n c e s  i n  c o a t i n g  th ickness .  The specimens were t e s t e d  l o r  25 hours a t  

2400°F. The VH-109 specimens d i d  n o t  show any o x i d a t i o n  f a i l u r e s  i n  t h e  25-hour 

t e s t .  One of t h e  ho les  i n  t h e  K-512E s e r i e s  showed an o x i d a t i o n  f a i l u r e  a f t e r  20 
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hours a t  2400°F. Figures 5-25 and 5-26 show these  specimens b e f o r e  and a f t c r  

ox ida t ion  t e s t i n g .  

Judging from t h e  q c a l i t y  of t h e  edges a f t e r  coa t ing ,  it w 2 s  n o t  s u r p r i s i n g  

t h a t  t h e s e  specimens performed reasonably w e l l  i n  oxidat ion.  However, edge crack- 

i n g  is c l e a r l y  a p o t e n t i a l  p o i n t  f o r  e a r l y  coa t ing  f a i l u r e s  and s!lould be avoided. 

It is be l i eved  t h a t  t h e  fused s l u r r y  s i l i c i d e  process has a tendency t o  produce 

b e t t e r  edge q u a l i t y  than coat ings  a v a i l a b l e  i n  the  p a s t .  Assuming t h e r e  is 

adequate s l u r r y  p r e s e n t  on t h e  edges,  t h e  chemical r e a c t i o n s  st t h e  coa t ing  tem- 

pera tu res  a r e  s o  aggress ive  t h a t  a r e a s  such a s  sharp  edges : 1 consunisd a t  an 

inc reased  rate by t h e  s l u r r y .  This smooths o u t  t h e  edges,  reducing t h e  tendency 

of t h e  coa t ing  t o  crack on t h e  edges. Coating th ickness  is an important f a c t o r  i n  

edge q u a l i t y ,  and must b e  c l o s e l y  c o n t r o l l e d  t o  y i e l d  optimum edge coat ing q u a l i t y .  

- 
4 '  

I - '  

AS COATED 6 X AFTER OXIDATION TESTING 20 HOURS - 2400'~ 4.2X 

TYPICAL SvLVANlA R-512E COATING ON EDGE TEST COUPONS 
Figure 5-25 

.- 
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I - {  AFTER OXiDdTlON TESTING 25 HOURS - 2400' F 6 X 
AS COATED 

TYPICAL VAC-HYD VH-109 COATING ON EDGE TEST COUPONS 
Figure 5-26 
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6. STRUCTURAL INTkGRITY TESTING OF PANELS WITH UNREPAIRED COATIhG DAMAGE 

: 
* I 

A series of r i b  s t i f f e n e d  panel  specimen; was f i i z h t  s imula t ion  t e s t e d  i n  a n  

i n t e n t i o n a l l y  damaged and unrepaired c o n d i t i o n  t o  d e f i n e  the  n e c e s s i t y  f o r  f i e l d  

r e p a i r i n g  l o c a l  damage t o  coated columbium t h e r a a l  p r o t e c t i e n  ~ a n e l s .  The speci-  

mens employed were 1 by 4-inches, which was t h e  l a r g e s t  thar: could be t e s t e d  wi th  

e x i s t i n g  f a c i l i t i e s .  Subsequent testing of repair -coated pane l s  was accomplished 

i n  a new f l i g h t  s imulat ion apparatus  2escr ibed i n  s e c t i o n  12. The 1 ~y 4-inch 

specimens were q u i t e  accep tab le  f o r  ob ta in ing  tl-;. n..alitj .ve r e s u l t s  d e s i r e d  t o  

demonstrate f i e l d  repz:-  requirements.  The gener .1  procedure involved t h e  a l t - r -  

n a t e  exposure of t h e  panels  t o  r e e n t r y  s imula t ion  under load  and boost  a c o u s t i c  

f a t i g u e  loading.  

6.1 SPECIEN PREPARATION - The rib s t i f f e n e d  panel  specimens descr ibed i n  

paragraph 3 were i n t e n t i n ~ a l l y  damaged a f t e r  p r o t e c t i v e  coa t ing .  A l l  d e f e c t s  were 

l o c a t e d  on t h e  e x t e r i o r  s k t n  s i d e  of tile panels  t o  s imula te  damage which would be 

r e p a i r a b l e  i n  t h e  f i e l d .  Two sixes of  d e f e c t s  were employed, 0.12 and 0.06 inch  

i n  diameter.  The coa t ing  w a s  completely removed t o  t h e  columbium s u b s t r a t e  by 

g r i t b l a s t i n g .  A Por ta -b las t  g r - t b l a s t e r  was used t o  remove t h e  coatjir,: from t h e  

0.12-inch diameter  d e f e c t s  and a Micro-blaster  was emplayed t o  produce t h e  0.06- 

inch  diameter d e f e c t s .  The d e f e c t s  were placed i n  t h e  c e n t e r  of the  pane l s  (2 

inches  from each end) t o  match t h e  c e n t e r  o f  t h e  lllaximum bendin; moment a r e a  on 

the  specimen. Two d e f e c t  i o c a t i o n s  were i n v e s t i g a t e d  - on t h e  s k i n  over  the  r i b  

and on the  s k i n  midway between t h e  r i b s .  Defects on t h e  edges of the  s k i n  were 
j '  

n o t  t e s t e d  because p r e v i ~ u s  t e s t i n g  has  shown t h a t  t h e  edges a r e  t h e  l e a s t  c r i t i -  

c a l  area ( re fe rence  1 ) .  Figure  6-4 i l l u s t r a t e s  t h e  defecced s p e c i r z n s  p r i c r  t o  
P 
, 
i 

t e s t i n g .  

6.2 PROFILE TESTING - The p r o f i l e  s imula t ion  t e s t i n g  t:& conducted i n  the  

p r o f i l e  s imula to r  shown i n  f i g u r e  6-1 and employed t h e  p r o f i l e  shown i n  c igure  

4-1. The load  was app l ied  t o  the  panel  s?ecimens us ing  a Four p o i n t  load ing  

f i x t u r e  f a b r i c a t e d  from FS-85 a l l o y  columbium and p r o t e c t e d  b L t h  t h e  R-512E 

coa t ing .  The loaciing fixture anti t h e  bending moment d i s t r i b u t i a n  i t  produced 1 
are shown i n  f i g u r e  6-2, The load ing  f i x t u r e  containit lg t h e  specin--n was then 

pos i t ioned  i n  t h e  furnace and secured t o  t h e  load ing  d r i v e  mechan!.sa. The boost  

load was app l ied  and r e l e a s e d ,  and t h e  f ~ c i l i t y  then ;dtomatj.cally followed t h e  

- I 
I 

I t ime, temperature,  p ressure ,  and stress p r o f i l e .  A f t e r  ret.tl:r~ing t o  approximately 
. - - i 

6-1 I] 
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Four Point Loading Fixture 

DISTANCE ALONG PANEL 

Panel Bending Moment Distribution 

Figure 6-2 
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room teEperature ,  the  boost  load was reappl ied  and the  e n t i r e  procedure repeated.  3 
.I 

A f t e r  each 10  cyc les ,  the  panel  was removed and v i s u a l l y  examined t o  determine t h e  

e x t e n t  of ox ida t ion  wi th in  the  d e f e c t  a r e a ,  and t o  check f o r  crack i n i t i a t i o n .  

Def lec t iov measurements w ~ r e  made a f t e r  each 1 0  p r o f i l e  cyc les  i n  a  nonaefected 

area .  P r i o r  t o  s t a r t i n g  the  second s e r i e s  of 1I p r o f i l e  cyc les ,  the  panels were 
I 

v i b r a t i o n  t e s t e d  t o  s imulate  boost  a c o u s t i c  loading.  

6.3 .COUSTIC SIMULATION TESTING - The i n i t i a l  s t e p  was t o  f a ~ r i c a t e  and 

c a l i b r a t e  a f i x t u r e  f o r  the  a c o u s t i c  s imula t ion  t e s t i n g .  I n i t i a l  a t tempts  were 

made t o  use a  random a c o u s t i c  d r i v e r ;  however, a t  the  maximum output  of 173 db, i t  

would not  produce the  des i red  s t r e s s  l e v e l  i n  the sk in .  A new f i x t u r e  was f a b r i -  

ca ted  and mounted t o  a n  electrodynamic e x c i t e r  system. 
P -  

A s p e c i a i  v i b r a t i o n  f i x t u r e  was f a b r i c a t e d  to  suppor t  the  r i b  s t i f f e n e d  p a w l  

.: 

specimen i n  a  simply supported conf igurat ion.  The f i x t u r e  cons i s t ed  of two 
t 

U-shaped clamps mounted on each end o f  a n  aluminum p l a t e .  The panel was i n s t a l l e d  
I 

w i t h i n  the  clamps of the  f i x t u r e  t o  o b t a i n  a  pin-ended clamp cond i t ion  on each 
1:: end of the  speci ren.  A machined aluminum block was posi t ioned i n  e lch  e n i  of the  

. < 

I I . - C  
pane l  specimen t o  prevent the  pane l ' s  r i b s  from buckling when a preload Gas 

i 

.._. app l i ed  t o  the  panel by t h e  clamp assemb12.es. The p a n e l l f i x t u r e  assembly was 

I i n s t a l l e d  on a  6,000 pound-force electrodynamic e x c i t e r  u n i t .  X s i n g i 2  piezo- 1.7 
e 

e l e c t r i c  type accelerometer was mounted on the  v i b r a t i o q  f i x t u r e  t o  c o n t r o l  the  

i n p u t  z c c e l e r a t i o n  l e v e l s  t o  t h e  t e s t  specimen. Figure 6-3 shows the  panel  and !-. 

v i b r a t i o a  f i x t u r e  assembly. , - u 

&- The c a l i b r a t i o n  panel  had a  3-element s t r a i n  r o s e t t e  a t t ached  t o  the  s k i n  i n  
*'. 

I 3. ' t h e  c e n t e r  of the  panel. The panel  was i n i t i a l l y  exc i t ed  s i n u s c i d a l l y  from 500 t o  1 
"... 

-.. . -. 3,300 Hz a t  an inpu t  a c c e l e r a t i o n  l e v e l  of  approxinate ly  17.7 grmc. Sinusoidal  I . - $ 
%; e x c i t a t i o n  was used t o  i d e n t i f y  the  pane l ' s  prodominarit bending f requencies .  *. t 

! * During s i n ~ s o i d a l  e x c i t a t i o n ,  OR-line frequency response p l o t s  were made t o  d e t e r -  
P ‘ '  

tS, mice the  f requencies  of peak respcnse.  The frequency response p l o t s  were obta ined 
- * 

by p l o t t i n p  the  r a t i o  of the  s t r a i n  response anp l i tude  t o  the  inpu t  31-celera t ion 

-1 amplitude a s  a  funct ion of frequency. The bending mode of i n t e r e s t  was deternined 
i 

t o  be i n  the  frequency range o f  1500 t o  1909 Hz. The panel  was then sub jec ted  to  

random e x c i t a t i o n  a t  an inpu t  o v e r a l l  a c c e l e r a t i o n  l e v e l  of  approximately 79 g rms . 
This a c c e l e r a t i o n  l e v e l  was t h e  n i g h e s t  random a c c e l e r a t i o n  l e v e l  a t t a i n a b l e  wich 

. .  - -  
the  e x c i t e r  system. The e x c i t e r l e q u a l i z e r  system was f u l l y  a t t e n  l ted  below 

1500 and above 1900 Hz, us ing bandpass f i l t e r s  t o  provide t5e  m a x ~  sum a c c e l e r a t i o n  

t -. t o  the  t e s t  specimen i n  tt.e frequency band o f  1500 t o  190C Hz. The rms s t r e s s  

6-4 
I 

J 

-. 
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RIB STIFFENED PANEL SPECIMEN IN VIBRATION SETUP 
Figure 6-3 

l e v e l  measured from t h e  ou tpu t  c f  t h e  s t r a i n  gage i n s t a l l e d  on t h e  pane l  d u r i n g  
2 

the  random v i b r a t i o n  t e s t  was 3610 l b l i n  and was considered t o  b e  a  s u f f i c i e n t  . . s -- 
s t r e s s  l e v e l  f o r  t e s t i n g  the  r i b  s t i f f e n e d  pane l s  wi th  unrepa+ed damage. The t e s t  3 % .  

.- 

panels  were subsequent ly  sub jec ted  t o  t h e  same random v i b r a t i o n  environment used 

f o r  the  c a l i b r a t i o n  panel .  The unrep2ired specimens were a l t e r n a t e l y  s - ~ b j e c t e d  

t o  p r o f i l e  cvc l ing  and v i b r a t i o n  t e s t i n g  a f t e r  every 10  c y c l e s  u n t i l  s t r u c t u r a l  

f a i l u r e  occurred.  

6 . 4  USREPAIRED DAXAGE TEST KSULTS - A t o t a l  of e i g h t  r i b  s t i f f e n e d  pane l  
6 

- - 
.t. specimens were t e s t e d ,  four  Sylvania  R-512E coated Cb-752 and four  VXC-ET3 SH-103 
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coated C-12% a l l o y .  The i n i t i a l  s e t  of  four  specimens (two coated a l l o y  combi- 

na t ions  and two d e f e c t  l o c a t i o n s )  had 0.12-inch diameter d e f e c t s .  The second s e t  :) 
of four  specimens had 0.060-inch diameter d e f e c t s  placed a t  the  same d e f e c t  l o c a t i o n s .  

Table 6-1 summarizes the  p r o f i l e  and boost  a c o u s t i c  s imulat ion t e s t s .  

The i n i t i a l  s e t  o f  4 specimens w a s  given 1 0  p r o f i l e  cyc les .  I n  t h e  c a s e  cf 

both  the  Cb-752 and C-129Y panels ,  a ho le  was oxidized through the  s k i n .  The ho les  

a ssoc ia ted  with t h e  d e f e c t s  loca ted  between the  r i b s  were equal  i n  diameter t o  the  

0.12-inch diameter coa t ing  d e f e c t .  I n  the  c a s e  of t h e  d e f e c t s  loca ted  i n  the s k i n  

over t h e  r i b s ,  t h e  a d d i t i o n a l  volume of columbium r e s t r i c t e d  the  ox ida t jon  ho le  

a r e a  t o  one smal l  ho le  through t h e  s k i n  on each s i d e  of t h e  r i b  ( see  f i g u r e  6-51. 

The a c o u s t i c  s imula t ion  t e s t i n g  of  t h e  i n i t i a l  s e t  of four  r i b  s t i f f e n e d  panel 

specimens was conducted a f t e r  t h e  t e n t h  p r o f i l e  cyc le  i n  accordance wi th  paragraph 

Table 6-1 

RIB STIFFENED PANEL SPECIMEN TEST RESULTS 

RIB STIFFENED PANEL SPECIMENS 1 
457-1 199 ! 

RESULTS OF TESTING 

OVERLOADEDACCIDENTALLYAND 
CRACKED BOTH RIBS 

RIBS CRACKED ADJACENT TO LOAD PAD 

RIBS CRACKED ADJACEfJT T 3  LOAD PAD; 
SKINCRACKEDFROMDEFECTAREA 

RIBS CRACKED ADJACENT TO LOAD PAD 

NO STRUCTURAL FAILURE 

NC STRUCTURAL FAILURE 

NO STIUCTURAL FAILURE 

OVERLOADED FtCIDENTALL"; BROKE 
IN TWO 

PANEL 
NUMBER 

VH-12 

VH-14 

SYL-5 

TOTAL 
PROFILE 
CYCLES 

21 

10 

10 

10 

50 

50 

50 

31 

BOOST 
VIBRATION 

EXPOSURES- 
,,ME (sECS) 

2-427 

1-400 

1 4 0 0  

1 4 0 0  

5-135 

5-135 

5-135 

2-54 

ALLOY 
AND 

COATING 

C-129Y- 
VH-109 

C-129Y- 
VH-109 

Cb-752- 

DEFECT SIZE 
(IN DIA) 

6 LOCATION 

0.12 - 
OVER RIBS 

0.12 - 
BETWEEN RlBS 

0.12 - 
OVER RIBS 

0.12 - 
BETWEEN RlBS 

0.06 - 
OVER RlBS 

0.06 - 
BETWEEN RIBS 

0.S - 
OVER RlBS 

0.06 - 
BETWEEN RIBS 

I R-512E 

S Y L d  

VH-16 

VH-15 

SYL-3 

Cb-79- 
R-SIZE 

C-129Y- 
VH-109 

C-129Y- 
VH-109 

Cb-752- 1 R-5l2E 

SYL-2 Cb-752- 
R-512E 
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6.3. The t i m e  s e l e c t e d  was 900 seconds, equ iva len t  t o  t e n  90-second boost  dura- 

t i o n  periods.  Cracks were observed i n  two specimcns a t  approximately 270 seconds, 

and t e s t i n g  was terminated a t  400 seconds, wi th  th ree  of the  four  specimens 

having experienced cracking.  Typical  f a i l u r e s  a r e  shown i n  f i g u r e  6-6 with the  

crack i n i t i a t i n g  from the  i n s i d e  edge of the load pad and progress ing i n t o  the  r i b .  

Of the  e i g h t  poss ib le  r i b s  i n  the  i n i t i a l  s e r i e s ,  f i v e  r i b s  cracked i n  a s i m i l a r  

manner. One panel ,  C-129Y panel  number 12,  d id  no t  show any cracking a f t e r  the  

400-second t e s t .  These f a i l u r e s  u e r e  no t  a s soc ia ted  wi th  the  damage s p o t s  inten- 

t i o n a l l y  pu t  i n t o  the  coating.  There was, however, one crack i n  Cb-752 panel  

number 5 which i n i t i a t e d  i n  the  c o a t i n g  damapo a r e a  and progresse  1 p a r a l l e l  t o  the  

r i b ,  through t h e  e l e c t r o n  beam weldment on both s i d e s  of the  damage s i t e  a rea .  

This  f a i l u r e  is shovn i n  f i g u r e  6-5. 

a d d i t i o n a l  panel  a c o u s t ~ c  loading t e s t s .  Ti:e o r i g i n a l  s t r e s s  l e v e l s  and p red ic ted  

number oZ cyc les  had been compared wi th  C-129Y a l l o y  f a t i g u e  s t r e n g t h  d a t a  

( reference  5) and i t  was concluded t h a t  t h e  s e l e c t e d  cond i t ions  would not  f a i l  t h e  

unaffected C-129Y al loy.  With t h e  random c y c l e  energy inpu t  t e s t  procedure being 

employed, the  e a r l y  f a i l u r e  made the  use of t h i p  d a t a  suspec t .  I t  was f u r t h e r  

concluded t h a t  t h e  po in t  of crack i n i t i a t i o n  had experienced a s t r e s s  l e v e l  of 
2 approximately 11,000 l b l i n  due t o  t h e  f a c t  t h a t  t h e  back of t h e  rib was f a r t h e r  

from t h e  panel  n e u t r a l  bending a x i s  and a l o c a l  s t r e s s  concentra t ion a r e a  (estimdted 

concentra t ion f a c t o r  r f  3) w a s  caused by t h e  terminat ion of t h e  load pad (see  

f i g u r e  6-6). The point  of f a i l u r e  i n i t i a t i o n  was es t imated t o  have experienced 

11,000 1b/in2- f o r  460,000 cycles .  This condi t ion was compared wi th  a probable 

f a t i g u e  s t r e n g t h  cJrve  f o r  Cb-752 which employed simple tension-tension loading 

d a t a  cor rec*  ed f o r  compression-tension load and random load ing  e f f e c t s .  According 

t o  t h i s  ad jus ted  da ta ,  the  r i b  f a i l u r e  was predicated a t  300,000 cyc les ,  which 

compares favorably  wi th  the  460,000 cyc les  experienced; thus ,  t h e  r i b  was shown t o  

be the  c r i t i c a l  member and i t  was decided t o  a d j u s t  the  t e s t  t ime (number of cyc les )  

t o  preclude r i b  f a t i g u e  f a i l u r e  i n  an  undefected a r e a  f o r  the  remaining panels  t o  

be  t e s t ed .  A t e s t  time of 27 seconds was s e l e c t e d ,  which was expected t o  y i e l d  

f a t i g u e  f a i l u r e  i n i t i a t i o n  i n  the  r i b  a f t e r  60 cyc les .  

The second s e r i e s  of 4 r i b  s t i f f e n e d  panel  specimens con ta in ing  the 0.06-inch 

diameter d e f e c t s  were p r o f i l e  t e s t e d  f o r  10  p r o f i l e  cyc les  and a 27-second vibra-  

t i o n  t e s t  wi thout  i n i t i a t i n g  a s t r u c t u r a l  f a i l u r e .  The ox ida t ion  of  the  s k i n  f o r  

e i t h e r  a l l o y  o r  damage l o c a t i o n  d i d  no t  q u i t e  produce a ho le  through the  skin .  

MCDOUURU M U O U I  AI-IVAMICS COMPANV - RAmT 
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DEFECT IN SKIN BETWEEN RIBS 

DEFECTS IN COATED RIB STIFFENED PANEL SPEClMENS PRIOR TO TESTING 
457 -1 200 Figure 6-4 

TYPICAL RIB STIFFENED PANEL SPECIMENS WITH . . -  

.12 INCH DEFECTS AFTER 10 PROFIL:. CYCLES 
Figure 6- 5 

MCOONNPLL DOUbLAS ASTRON4UT8CS COMPANY - E A I T  
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FATIGUE CRACK INITIATING AT TERMINATION OF LOAD PAD 
Figure 6-6 

The only  change i n  t h e  4 pane l s  a f t e r  t h e  second sequence o f  1 0  p r o f i l e  c y c l e s  and 

a  27-second v i b r a t i o n  was t h a t  a ho le  had been oxidized through t h e  s k i n  a t  each 

d e f e c t  site. The average diameter  o f  t h e  ho le  i n  t h e  f r e e  s k i n  was 0.07 inch i n  

diameter.  Oxidation f a i l u r e s  i n  t h e  a r e a  of clamping f o r  t h e  v i b r a t i o n  t e s t s  were 

ignored,  s i n c e  they were i n  a low s t r e s s  a r e a  and n o t  c l o s e  t o  t h e  c o a t i n g  damage 

s i t e s .  

Between t h e  twent ie th  and t h i r t i e t h  p r o f i l e  c y c l e s ,  Cb-752 pane l  number 2 was 

overloaded and broken i n  twc. A f a i l i n g  l o a d  was n o t  ob ta inab le .  I n t e r e s t i n g l y ,  

t h e  panel d i d  n o t  f a i l  through t h e  h o l e  l o c a t e d  a t  t h e  damage s i t e .  The contamina- 

t i o n  zone around the  d e f e c t  a r e a  was determined meta l lograph ica l ly  t o  be  0.067 inch  

i n  diameter g r e a t e r  than t h e  per imeter  of t h e  o x i b a t i o n  hole .  Since  the  f a i l u r e  

occurred 0.15 inch  from t h e  per imeter  o f  t h e  d e f e c t  ox ida t ion  h o l e ,  t h e  f a i l u r e  

occurred i n  t h e  unaffected Cb-752 a l l o y .  Apparently t h e  i n c r e a s e  i n  oxygen con- 

t e n t  s t rengthened t h e  Cb-752 s u f f i c i e n t l y  t o  compensate f o r  t h e  l o s s  o f  load 

bear ing  c r o s s  s e c t i o n  i n  t h e  d e f e c t .  Figure  6-7 shows t h e  broken panel  and f i g u r e  : rr 
6-3 shows a  c r o s s  s e c t i o n  of t h e  s k i n  through t h e  d e f e c t  o x i d a t i o n  a rea .  ' .  

$ 

The remaining t h r e e  pane l s ,  2 C-129Y a l l o y  and 1 Cb-752, progressed through 
d ' 

50 p r o f i l e  c y c l e s  and t h e  a s s o c i a t e d  v i b r a t i o n  cyc les  wi thout  s t r u c t u r a l  f a i l a r e -  b - 

The only  ev iden t  change was i n  t h e  diameter  o f  the  =xiciation ho le  l o c a t e d  i n  t h e  2 .  ' 

d e f e c t  a rca .  The average h o l e  diameter  was 0.2 inch  i n  t h e  sk in .  Figure  6-9 
f 

shows t h e  pane l s  a f t e r  t h e  50 p r o f i l e  and a c o u s t i c  cyc les .  The t e s t i n g  was ter- 4.-. 

minated a t  t h i s  po in t  because t h e  b o l e s  had become s o  l a r g e  t h a t  t h e  cond i t ion  

would n o t  be t o l e r a b l e  i n  an  o p e r a t i o n a l  f l i g h t  panel.  

Creep d e f l e c t i o n  dur ing t h e  t e s t i n g  was n e g l i g i b l e .  Tlte same specimen con- _ -  . 

f i g u r a t i o n ,  test cond i t ions ,  and equipment were employed on ano ther  program i n  

which t h e  pane l s  were n o t  de fec ted .  The creep d e f l e c t i o n s  compared favorably  wi th  

6-9 
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P A N E L  SPECIMEN F A I L E D  FROM ACCIDENTAL 0VERL.OADING - 
457-1 206 F A I L U R E  NOT THROUGH D E F E C T  

Figure 6 -7 

STRUCTURAL 
FAILURE 

SUBSTRATE COATING PLATING 

OXIDATION 
HOLE 

457-1 207 
P A N E L  SHOWN I N  FIGURE 6-6 IN D E F E C T  AREA - 

\ N O T E  F A I L U R E  I N  OUTSIDE CONTAMINATION AREA Figure6 -8 C. 

those  p r e d i c t e d  dur ing  t h e  test p r o f i l e  s e l e c t i o n  ( r e f e r e n c e  6) .  Th i s  v e r i f i e d  

t h a t  t h e  t e s t  method meets t h e  d e s i r e d  c o n d i t i o n s  and i n d i c a t e d  t h a t  l a c k  o f  

d e f l e c t i o n  was a t t r i b u t a b l e  t o  a  s t r eng then ing  of t h e  columbium due t o  oxygen 

migra t ion  ir.to t h e  s u b s t r a t e  from t h e  d e f e c t  a r e a .  

6.5 COFQlEKTS AND OSSERVATIOXS - i h e  fo l lowing comments and o b s e r v a t i o n s  a r e  

p e r t i n e n t  t o  t h e  t e s t i n g  of  t h e  r i b  s t i f f e n e d  pane l  specimens having unrepa i red  

c o a t i n g  d e f e c t s :  

( a )  Local  c o a t i n g  damage s i t e s  i n  t h e  s k i n s  of  columbium pane l s  r e a u i r e  

MCDONNELL DOUGLAS ASTIPOIVAU~DCS COMPANY - E A m T  
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PANEL SYL - 3  

PANEL VH -15 

PANEL VH - 16 

. - 
I : . .  RIB STIFFENED PANEL SPECIMENS AFTER 50 PROFILE CYCLES 
I (END FAILURES DUE TO CLAIAPING IN VIBRATION FIXTURE) 
I Figure 6 - 9  
I I 457 -1 208 

r e p a i r  c o a t i n g  t o  p r e v e n t  h o l e s  from b e i n g  o x i d i z e d  t h r o u ~ h  tl-e s ' i n .  

Holes would be  u n d e s i r a b l e  because  t hey  would pe rmi t  bourldary l a v e r  

g a s s e s  t o  e n t e r  t h e  v e h i c l e .  The s t r u c t u r a l  i n t e g r i t y  o f  r i b  s t i i f e r e d  

p a n e l s  was n o t  impa i r ed  by h o l e s  i n  t h e  s k i n  up t o  0.2 i ~ $ ~ _ i i  i n  4ia:lleter.  

(b) The p a n e l  specimen employed was n o t  des igned  f.)r an adequa te  ~ ? v ~ i u a t i o n  

of  t h e  f a t i g u e  e f f e c t s  a s s o c i a t e d  v i t i l  +'I .i-n .'e;rasts under  t:-cqluation. 

Ilowever, t h e  t e s t i n g  performed i n d i c a t e s  t l*- ,  g r o s s l y  d e l o - t e - i s s s  t a t i g u e  

s t r e n g t h  e f f e c t s  a r e  n o t  a s s o c i a t e d  w i t ;  t h e  l o r a i  l o s s  of c o a t i n g  prc-  

t e c t i v e n e s s .  

6-1 1 
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h ( 7. CERAMIC FLELD REPAIR DEVEI.OPMENT 

The most common type of f i e l d  r e p a i r  coa t ing  employed ' 1 1  the  p a s t  hcz been 

ceramic cements. Ceramic r e p a i r s  have the  advantage of being easy to  apply i n  the  

f i e l d ,  s i n c e  they r e q u i r e  l i t t l e ,  i f  any, s p e c i a l  equipment. MDAC has s u c c e s s f u l l y  

used these  types of r e p a i r s  on coated r e f r a c t o r y  meta ls  f o r  g l i d e  r e e n t r y  v e h i c l e s  

which d i d  n o t  r e q u i r e  long l i v e s  or  high reuse r a p a b i l i t l e s .  Reference 7 desc r ibes  

the  use of a commercially a v a i l a b l e  cement (Sauereisen No. 63) a s  a f i e l d  r e p a i r  

m a t e r i a l  f o r  t h e  ASSET veh ic le .  Subsequ~,nt  s t u d i e s  ( r e fe rences  8 and i) ind ica ted  

t h a t  longer  l i f e  compositions were a v a i l a b l e  while mainta ining the  advantage of 

pasy app l i ca t ion .  

The ch ie f  disadvantage of the cerarcic cements i s  t h a t  the  l i f e  v a s  found t o  

be much l e s s  than t h a t  of the  fused s l u r r y  s i l i c i d e s .  Also, the  ceramic cements 

were found to  al low oxygen t o  pene t ra te  t o  the  columbium s u b s t r a t e ,  causing 

contamination due t o  oxygen so lu t ion .  The passage o r  leakage of oxygen was always 

higher  during the i n i t i a l  hea t ing  to  e leva ted  use  temperatures,  a t  which p o i n t  the  

high temperature bonding mechanism of the  cement was r e a l i z e d  and the  cement became 

sea led .  Fur ther  oxygen contamination t y p i c a l l y  occurs a t  a lower r a t e ,  causing 

the  contaminated a r e a  t o  inc rease  slowly. Thus, p a s t  experience had shown t h a t  an 

improvement i n  ceramic cements could be achieved by Inc reas ing  t h e i r  l i v e s  and 

reducing o r  e l imina t ing  t h e  contaminated and embr i t t l ed  a r e a  i n  the  columbium 

s u b s t r a t e  below the  ceramic r e p a i r .  

7 . 1  BASIC APPROACH AND PROCEDURES - The ceramic cement compositions of 

i n t e r e s t  were evaluated on the  two columbium a l l o y  and coa t ing  systems c-.ed on 

t h i s  program, namely the  Sylvania R-512E coa t ing  on Cb-752 and the  VAC-HYD VH-109 

coa t ing  oil C-129T. Both coat ings  a r e  fused s l u r r y  s i l i c i d e s  though d i f f e r i n g  i n  

cornposltion. The i n i t i a l  eva lua t ion  was conducted by o x i d a t l  n t e ; t i n g  a t  1 

atmosphere i n  1 hour cyc les  up t o  25 hours a t  24C0°F. This was a r b i t r a r i l y  

s e l e c t e d  a s  a screening t e s t  t o  y i e l d  an  ox id iz ing  p o t e n t i a l  s i m i l a r  t o  100 

r r e n t r y  p r o f i l e  cyc les  under e x t e r n a l  s u r f a c e  condi t ions .  Repair compositions 

which passed the  1 atmosphere screening t e s t  were e - ~ a l u a t e d  under the  reen t ry  

p r o f i l e  cond i t ions  of time, temperature,  and a;r p ressure  shown i n  f igure  4-1. 

The ceramic f i e l d  r e p a i r  development was conducted over a period of s e v e r a l  

months and was divided i n t o  t h e  following genera l  phases: 

MCDOCVUCLL DOUdUS ASTCIOCVAUTICS COMPANY - =A-r 
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a) i d e n t i f y  ceramic compositions employed i n  t h e  p a s t  and eva lua te  promising -. 
r e p a i r s  on coat ings  of  c u r l e n t  i n t e r e s t  

- 1 
b) perform compat ib i l i ty  t e s t i n g  o f  candidate  r e p a i r  m a t e r i a l s  i n  con tac t  

wi th  both fused s l u r r y  s i l i c i d e  coa t ings  

C) develop ceramic r e p a i r  compositions t o  meet s p e c i f i c  requirements of 

t h i s  program 

d) develop an a l t e r n a t e  low temperature v e h i c l e  system with  improved phys ica l  

c h a r a c t e r i s  t i c s  and perf  ormancr . 

The f i n a l  eva lua t ion  of  a l l  developed r e p a i r s ,  inc lud ing  t h e  ceramics, was accom- 

p l i shed  wi th  3 by 12-inch r i b  s t i f f e n e d  panels.  These repa i red  panels  were 

t e s t e d  under simulated reen t ry  f l i g h t  cond i t ions  a s  descr ibed i n  s e c t i o n  12 .  

7.2 INITIAL CERAMIC REPAIR DEVELOPMENT EFFORT - A review of p a s t  development 

e f f o r t  ind ica ted  t h a t  th ree  b a s i c  compositions should be evaluated on the  Sylvania 

R-512E and VAC-HYD W-109 cod'ings. Coated coupons 2 by 2-114 inches  were prepared 

with i n t e n t i o n a l  d ~ f e c t s  114-inch i n  diameter.  A s tandard  d e f e c t  was s e l e c t e d  t o  

enable  comparison of  r e p a i r  compositions. Defects  were produced by g r i t b l a s t i ~ t g  

the coa t ing  irom the  des i red  a r e a  down t o  the  columbium s u b s t r a t e .  The i n i t i a l  

c o m p o s i t i ~ n s  (see  appendix A f o r  complete compoci-tion) evaluated were: 

. pyrex f r i t ,  aluminua oxide ,  and boron -:I a iacquer  b inder  (with and 1 
without  X1,O flame spray undercoat)  

L 3 
b) pyrex f r i t ,  columbium d i s i l i c i d e ,  and s i l i c o n  ca rb ide  i n  a c o l l o i d a l  

s i l i c a  b inder  

c )  pyrsx f r i t ,  Sauereisen no. 8 cesen t ,  columbium d i s i l i c i d e ,  and aluminum 

oxide i n  a c o l l o i d a l  s i l i c a  b inder .  

The r e p a i r  coa t ing  th icknesses  nd t e s t  r e s u l t s  a r e  presented i n  t a b l e  7-1. The ! 

composition Lwas  e f f e c t i v e  i n  p r o t e c t i n g  the  columbium s u b s t r a t e s  f o r  25 hours a t  

2400°F. I n  both a l l o y s  t h e r e  was an adverse  r e a c t i o n  between the  r e p a i r  and the  

fused s l u r r y  s i l l c i d e  coa t ing  on t h e  per iphery  of the  ceramic f o r  those r e p a i r s  i 

1 ,- -. 
i n  which the  precoat ing wi th  flame-sprayed aluniinum oxide was no t  present .  The i: ,e, :i.;. 
reac t ion  w i t t  t h e  VH-109 coa t ing  was severe  and geuera l  coa t ing  f a i l u r e s  occurred 

i n  a d iscolored a r e a  around the  r e p a i r s .  A s e r i e s  of experiments (numbers 1 

through 4 i n  t a b l e  7-1) were conducted i n  which the  th ickness  and diameter of the  .__- 
aluminum oxide flame-sprayed undercoat i r~g was v e r i f i e d .  It was determined t h a t  a 

l a r g e r  diameter and th ickness  of aluminum oxide  imprcved t h e  compat ib i l i ty  (reduced 
' '. -- 

I :  
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T o b l e  7-1 

INITIAL EXPERIMENTS 
SPECIMEN DESCRIPTION AND TESi  RESULTS OF CERAMIC FIELD REPAIR DEVELOPMENT 

FLAME OXIDATION CHECK TEST 

SPECI- REPAIF 
SPRAY REPAIR AIF! 

EXP THICK- ATMOSPHERE GENERAL COMMENTS ON REPAIRED AREA, 
MEN 'OMPO- :$:;. 

NESS PROFILE No. 
NO. SlTlON 

NESS 
AFTER OXIDAT:Cii CHECK TEST 

(MILS) CYCLES 1.HR CYCLES 
(MILS) AT 2400'~ 

1 S-IE A 1.2 14 5 25 NF DULL OLACK TURFACE 

15 F 

1 
S-1F A 1.3 12.6 25 NF DULL BLACK ARFACE 
S-1G A 19.7 FAILED IN DEFECT AREA 
S-1H A 16.9 25 NF DULL BLACK SURFACE I 
V-1A P. 1.3 15.5 25 NF MANY SMALI. REPAIR COAT REACTION I V-IS A 18.0 25 NF FAILURES OTHER THAN REPAIRED AREAS, AT  9 HR 

I V-lC A 1 1.5 ' 1 6 4  25 NF 
V-1 D 

A 1 15.0 25 NF 
40.2 ::: : 1 

1 F FAILED IN DEFECT AREA 
35.7 1 F FAILED IN DEFECT AREA 

S-2G C 25 NF WHITE SURFACE 
S-2H C 12.0 9 i' FAILED IN DEFECT AREA 
V-2A B 26.4 1 F FAlLE!I IN DEFECT AREA 
V-2B B 23.9 1 F FAILED IN DE; 2CT AREA 
V-2C C 13.1 I 25 F WHITE REPAIR SURFACE 
V-2D C 10.5 2 F FAILED IN DEFECT AREA 

3 S-3E D 1 3.2 17.8 1 25 NF LIGHT GRAY SURFACE 
S-3F A 4.0 10.0 55 NF LIGHT GRAY SURFACE 
S-3G D 1.5 16.8 25 NF LIGHT GRAY SURFACE 
S-3H A 2.0 8.0 25 NF LIGHT GRAY SURFACE 
V-3A D 3.0 16.0 25 NF DULL SLACK TO LIGHT GRAY 
V-36 C 3.7 15.9 25 NF DARK GRAY TO LIGHT GRAY 
V-3C D 1.5 19.1 25 NF DULL BLACK TO MEDIUM GRAY 
V-;3 C 1.4 16.7 15 F FA~LED IN DEFECT AREA 

4 :-!A A 4.8 13.8 10 NF  T E S i  TERMINATED - ScCTIONED FOR PH0Tr)- 
S-4B D 4.1 23.9 10 N F  MICROGRAPHS OF INTERNAL STRUCTURE 
S-76A A 4.8 16.5 2 0 N F  TEST TERFFIK! ED - SECTIONED FOP PHOTO- 
S-76B A 20.0 20 NF  MICRCGRAPHS OF INTERNAL STRJCTURE 
S-i iA A 3.3 18.7 80NF  TEST TERMiNATEO - SECTIONED FOR PHOTO- 
S-779 A 22.5 80 NF  MICROGRAPHS OF INTERNAL STRUCTURE 
V-5A A 5 .  12.9 20NF  SHRINK CRACKS IN REPAIR C3AT 
V-5B A 16.3 10 F FAILED IN REPAIRED AREA 
V-7A A 4.9 :::: 1 KF SHRINK CRACKS IN REPAIR COAT 
V-7B A FAILED (COATING REACTION) 

5 S-85A E 22.0 1 F COATING REACTION I V-?3A E 1 F COATING REACTION 
5 S-86A F 16.9 I 1 F FAILED I I  DEFECT AREA 

'1-36A F 17.3 1 F COATING REACTION - DEFECT AREA. FAILED 
7 S-9iA G 14.1 1 F COATING REACTION 

V-62A G 15.1 1 F COATING REACTION 

-- 

F - FAILURE NOTE: 
NF - NO FAILURE CERAMIC COMPOSITIONS WERE APPLIED IN ACCOROFNCE WITH APPENDIX C. 
457-?22l 
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Tab le  7-1 

INITIAL EXFZRIMENTS 
SPECIMEN DESCRIPTION AND TEST RESUL '-L OF CERAMIC FIELD 

REPAIR DEVELOPMENT (Continued) 

FLAME JXlDATlON CHECK TEST 

SPECI- REPAIR SPRAY REPAIR 
TPICK- 

AIR 
MEN CoMPo- :$a. 

N E ~ S  PROFILE 
ATMOSPHEHE GENERAL COMMENTS ON REPPIRED AREA, 

NO. SITION 
NEfS 

AF I ER OXIDATION LHFCK TEST 
(MILS) CY rLES I-HR CYCLES 

(MILS) AT 240O0F 
v 

8 S-94A H 1 S.3 1 F FAILED IN DEFECT A9EA 
V-33B H 14.6 1 F COATING REACTION & DEFECT AREA. FAILED 

I I S-85B I 1 F FAILED IN DEFECT AREA 1 :::: V-36B I 1 F COATING REACTIGN & DEFECT AREA. FAILED 
10 S-868 J 16.2 1 ' F COATING REACTIY 

V-62B J 15.4 1 F COATING REAi::lr~l 
11 S-92B K 22.0 7.6 1 F FAILED IN DEFECT AREA 

V-33C K 20.1 7.0 1 F COATIHG REACTION & DEFFZT AREA. FAILED 
12 S-94B L 18.5 1 F NC GREEN STRENGTH - SPALL'I - 

17.0 1 F DEFECT AREA FAILURE - COr$TING SPALLED V-36C L 
13 S-85C M 13.i 1 F HEAVY COATING REACTION 

V-62C M 12.5 1 F COATING REACTION 
I 

14 S-86C N 17.9 1 F COATING REACTION 
V-33D N 16.7 i F C9ATING REACTION 

15 S-92C 0 15.5 1 F C A V Y  COATING REACTlOh 
V d 2 C  0 15.1 1 F COATING REACTION & DEFECT AREA. FAILED 

16 S-94C P 12.6 1 F FAILED IN IIEFECT AREA 
V-?6D P 13.0 1 F COATING FEACTION & DEFECT 4' J !LEZ 

17 S-940 R 5.6 1 F PCr)'\ ADHEJION - POIJERED OF 
I 
I 

V-33E R 4.9 1 F r 3 0 R  t1DHESION - PCWDERED OFF 
N3TE: 

I 
F -FAILURE 
NF - NO FAILURE CERAMIC COMPOSITIONS WERE APPLIEP IN ACCCPnANCE WITH APPENDIX C. 

457-3322 
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reaction b e t v e e ~  ceramic and cost ing) ,  but higher l eve l s  of contamination of the 

coluztbi-am subs t ra te  oc arred. Reduced pressure p r o f i l e  tests were conducted cn 

both coatings (R-512E and VH-109) repaired with t he  r epa i r  composition A, wirh and 

without the flame-sprayed aiuminum oxide undercoating. 

The sxperimer-ts indicated t h a t  fo r  R-512E compositim A L;S acceptable wizhout 

the flame-sprayed aluminum oxide for  up t o  80 reentry p r  f i l e  cycles.  Figure 7-1 

shows ths r e su l t s  of 1 atmosphcre and Figure 7-2 stows the e f f e c t s  of aluminum 

I oxide f lzne  spray i n  the  low pressure reantry p ro f i l e  t es t ing .  

Tile repa i r  o; the  1%-109 with the ceramic composition A required a f laze-  

sprayed al~rmica undc-c.atir?p oi 3 m i l s  t o  eliminate oxiZation f a i l u r e  of the  W-109, 

adjace~t t o  the r:=- '- caused by incainpatibil i ty.  Figure 7-3 is a photomicrograph 

of a yepair i n c o t ,  L T . ~  tire f l a m  spray a f t e r  25 hours a t  2400°F. There was 
L 

nin ina l  oxidation cmcamiration of the  columbium belva the repair .  Bowever, ck? 
1 

r 
- 

i I 
reduced pzeisure g r c f i l e  t c : s t  cduseii f a i l u r e s  i n  10 t o  30 cycles. Figure 7-4 - t 1 , 

+ r 
s h m s  a2 example of the +xte~sLve  suhs tra t e  contamination present when the aluminuin 

oxide t-as used. i n  t he  case i n  which the aluminum oxlde was not inclr;dea ( f igure  

7 4 ) )  the oxygen contamiaation UPS mini-31, but oxidatiar. f a i l u r e s  occu, J i n  :he 

( ',11-1.~3 hdjacent t o  the repairs .  The aluninurn axide flame spray undercoating was 
i 

not sa t i s f ac to ry  fcr \Ti-109 s ince  it permitted subs t r a t e  c o n t a ~ i n a t i o n .  A t  t h e  

same time, the Pyrex f r i t ,  aluminum oxide, and boron r epa i r  composition A was 
4 

chemically incompatible with the VH-109 coating. Thus, it was concluded tha t  a 

new repair  c@mposition f o r  the VH-109 coating had t o  be developed. 

r\. n-mber of other  candf.iate repa i r  mater ia ls  which were e i t h e r  used i n  the  

past,  found i n  the l i t e r a t u r e ,  o r  newly i d m u f i e d  were evaluated f o r  both the 
< 
. - 3-512E and 131-109 coatings. The r e s u l t s  a r e  described i n  tab le  7-1 under 

: I  i 
21 

. f.  
e x n e r i ~ e n t s  5 through 17. Coating compositions E thrclugh R were employed and the  

P g: 
..- exact ccrnrositions a r e  p re sen~ed  i n  appendix A. A l l  of the  compositions f a i l ed  
. ,. 
A quZcl lp  and vere  therefore  no t  pursued. Observations on ?ar t icu la r  mater:als, 

hnwe. er, were us%-! i n  subsequent experiments f o r  correct ion of the  conpatibi1i:y 
.. 
a .  problem noted v i t h  the VH-109 coating. 
;:. 7. 3 Ca?P:1' 21LITY TESTIFG - As an i n i t i a l  s t ep  i n  developing a new c a p c s i -  

-a 
t i cn  ;or the lTH-109 coating, .- series of c a m ~ a t i b i l i t y  t e s t s  was performed. A 

t o t a i  of 26 ua t e r i a l s ,  repr tsent ing po t en t i a l  ceramic binders, f i l l e r s ,  modifiers, 

acd venicle systems were mixcd and placed on the coating i n  a small spot  Coupons 



COATED COLUMBIUM 
TPS FIELD REPAIR FINAL REPORT 

l E W R T  MDC €0681 
15 SEPTEMBER 1972 

NICKEL BACKUP- 

REPAIR - 

R-512E COATING 

Cb-752 SUBSTRATE- 

10TE: REPAIR WITHOUT FLAME SPRAYED A$% 15ox 

REPAIR OF R-512E COATED Cb-752 WITH COMPOSITION A 
AFTER 25 HOURS AT 2400°F Figure 7- 1 

NICKEL BACKUP- 

REPAIR- 

VH-109 C04 l  

C-12"V 
SUBSTRATE a *  

NOTE: REPAIR INCLUDING FLAME SPRAYEG A1203 150X 

REPAIR OF VH-109 COATED C-129Y WITH COMPOSITION A 
AFTER 25 HOURS AT 2400°F Figure 7-3 1 
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REPAIR 

5-129Y SUBSTRATE 
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F U M E  SPRAYED AL2O3 UNDERCOATING 
7 NICKEL BAChUP 

VH -1 09 
COATING 

- OXIDATION 

OXIDATION FAILURE OF VH-109 COAI ING ADJACENT TO REPAIR 
WITHOUT AL20? FLAME SPRAYED 3NDERCOATINS 

457-1727 
REPAIR COMPOSITION A ON VH-109 COATIRG AFTER 30 PROFILE CYCLES 

Figure 7-4 
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( a d d i t i o n a l  e f f o r t  t o  t e s t  a second coa t ing  system. Af te r  applying t h e  candidate  

mate r i a i s ,  the  coupons were exposed t o  2i00°F i n  a i r  a t  1 atmosphere f o r  1 hour. 

The r e s u l t s  of these  compat ib i l i ty  t e s t s  a r e  presented i n  t a b l e  7-2. Figure 7-5 

shows t y p i c a l  coupons be fo re  and a f t e r  thermal exposure. 

;he information gained from these  tests w a s  used t o  s e l e c t  ceramic r e p a i r  

ingred ien t s  f o r  developing a r e p a i r  f c r  both t h e  VH-109 and R-512E coat ings .  In 

s e l e c t i n g  ingred ien t s  f o r  r e p a i r ,  a c o n t r o l l e d  amount of chemical r e a c t i v i t y  is 

d e s i r a b l e  t o  achieve chemical bonding and ensure  good adhesion. The r e s u l t s  of 

these  t e s t s  gave a f i r s t  approximation 02 the  b e t t e r  r e p a i r  m a t e r i a l s ,  and the  

r e l a t i v e  amounts of them t h a t  should be used. 

7.4 CEFWYIC DEVELOP?fENT c?PHASIZING REPAIR OF VH-109 - The r e s u l t s  of the  

compat ib i l i ty  t e s t i n g  descr ibed i n  paragraph 7.3 pravided a group of z t a te r i a l s  s h i c h  

were p o t e s t i a l  i c g r e d i e n t s  f o r  a compatible \%-109 r e p a i r .  The following s e t  of 

c r i t e r i a  w a s  exployed based upon the i z i t i a l  experiments: 

a )  the  contposition must provide adequate p r o t e c t i o n  of the  uncoated columbium 

s u b s t r a t e  i n  t 5 e  d e f e c t  a r e a  

5) the  composition must Se cc~ppzttible v i t h  Ft-lQq coat ing i.n t h e  overlap aten: 

while  having s u f f i c i e n t  rescri-?ity with  the  VH-i09 t o  e n s s r e  good chemical 

banding 

c )  the  r e p a i r  must n o t  cause f a i l u r e  of th2  1%-109 coa t ing  a t  t h e  per iphery  

of the  ceramic repa i r .  

An Edisonian experimental  approach was employed i n  which a s u b s t a n t i a l  nunber of  

c ~ m p o s i t i o n s  ue re  produced and evaluated a g a i n s t  t h e  above c e i t e r i a .  Table 7-3 

presencs the  compositions s tud ied ,  the  r e p a i r  coa t ing  th icknesses  used, and t h e  

o x i d a t i o t  r e s u l t s  ;thieved i n  experiments 18 through 30. The product a £  t h i s  

i n v e s t i g a t i o n  was four  compositions which passed the  25-hour oxidat ion screening 

test a t  2400°F i n  1 atmosphere a i r .  These compositions ar*: 

a) H-1 composition (columbium d i s i l i c i d e ,  a Si-Cr-Fe a l l o y  powder, pyrex 

f r i t ,  and boron powder i n  a l acquer  v e h i c l s )  

b)  P-1 (columbium d i s i l i c i e e ,  pyrex f r i t ,  and boron i n  a lacquer  vehic le)  

c )  T-1 (columbium d i s i l i c i d e ,  pyrex f r i t ,  iro.:, and boron i n  a lacquer  

vehic le)  

d)  U-1  (pyrex f r i t  and boron i n  a lacquer  veh ic le ) .  

( t e e  appendix A f o r  exac t  compositions.) 
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1 HOUR 

240o0F 

COMPATlBlLiTY TESTING OF REPAIR MATERIALS AND FUSED SLURRY SlLlClDE COATINGS 
(See Table 7-2) 

y -  457-3323  Figure 7-5 
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Table 7-3 

VH-109 COATING REPAIF STUDIES - .. - 

SPECIMEN DESCRIPTION AND TEST RESULTS 

FLAME OXIDATION CHECK TEST 
SPRAY REPAIR 

' 

SPECI- REPAIR 
A L ~ O ~  THICK- 

AIR 
EXP ATMOSPHERE GENERAL COMMENTS ON REPAIRED AREA. 
NO. 

MEN CoMPo- THICK- NESS PROFILE AFTER OXIDAT!ON CHECK TEST 
No- NESS (MILS) CYCLES 

' 

1 HR CYCLES 
(MILS) AT 2400°F 

18 V-19A S 18.0 1 F FAILED - POWDERY. POOR ADHERENCE 
19 V-19B T 22.0 1 NF CRACKS THROUGHOUT REPAIR COAT - OVERALL 

' PINK DISCOLORATION. SLIGHT REACTION 
20 V-40A U 15.0 ' 1 F FAILED IN DEFECT AREA 

V-40B V 9.0 1 F FAILED IN DEFECT AREA 
V-40C W 16.0 1 F FAILED IN DEFECT AREA 
V-400 X 14.0 1 F FAILED IN DEFECT AREA 

21 V-19C Y 11.0 9 F ONE SMALL FAILURE ON EDGE OF DEFECT: MEDIUM 
COATING REACTION 

V-190 1 Z 20.0 7 F GROSS FAILURE IN DEFECT -MAY HAVE STARTED 
ON !ST CYCLE - COMPATIBLE 

22 V-4A V-1 10.0 6 F 3 DARK GREEN AREAS IN DEFECT AFTER 1ST 
CYCLE - TOTAL DEFECT FAILURE AT 6 HR 

I V-40 B-1 23.0 1 F GROSS IN DEFECT AREA 
V-4C V . i  1 I 19.0 6 F 2 VERY SMALL FAILURES IN DEFEAT 

I v-;fr ' . 17.0 1 '  GROSS IN DEFECT AaEA 

F -FAILURE NOTE: 
NF - NO FAILURE CERAMIC COMPOSITIONS WERE APPLIED IN ACCORDANCE WITH APPENDIX C. 

7-12 

MCDONNELI DOUGLAS ASTRONAUT8CS COMPANY - E A m T  
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Tab le  7-3 

VH-109 COATING REPAiR STUDIES 
SPECIMEN DESCRIPTION AND TEST RESULTS 

(Continued) 

GENERAL COMMENTS ON REPAIRED AREA. 
AFTER OXIDATION CHECK TEST 

GREEN ERUPTIONS - YELLOW OXIDE BENEATH IN 
DEFECT AREA 

GREEN ERUPTIONS - YELLOW 3XIDE BENEATH IN 

EXP 
NO. 

23 

FLAME 
SPRAY 

b49 
THICK. 
NESS 
(MILS) 

24 

I 

25 

26 

27 

28 

29 

SPECI- 
MEN 
No- 

V-25A 

V-25B 

F -FAILURE NOTE: 
NF - NU FAILURE CERAMIC COMPOSITIONS WERE APPLIED IN ACCORDANCE WITH APPENDIX C. 

457 -3325  

9.0 

12.0 
9.0 
3.0 

12.0 

12.0 
3.0 
8.0 

15.0 

17.0 

15.0 
6.0 

10.0 
9.0 

19.0 

7.0 

10.0 
16.0 
23.0 

5.0 
10.0 
17.0 
14.0 

14.0 

REPAIR 
THICK- 
NESS 
(MILS) 

10.0 

11.0 

- 
REPAIR 
CoMPo. 

W-1 

0-1 

OXIDATION CHECK TEST 

V-25C 

V-250 
V-43A 
V-43B 
V-43C 

I V-43D 
V-24A 
V-24B 

V-24C 

V-240 

V-IOA 
V-1OB 

V-1OC 
V-1OD 
V-8A 

V-8B 

V-8C 
V-ED 
V-71A 

V-71B 
V-71C 
'5-710 
V-ldA 

V-17A 

PROFILE 
CYCLES 

E-1 

F-1 
G-1 
H-1 
1-1 

J-1 
K-1 
L-1 

M-1 

N-1 

H-1 
H-1 

H-1 
H-1 
0-1 

H-1 

H-1 
H-1 
0-1 

H-1 
H-1 
H-1 
H-1 

H-1 

AIR 
ATMOSPHERE 

I-HR CYCLES 
AT 240PF 

2 F 

2 F 

IGROEEEFNEE:,","Khs - YELLOW OXIDE BENEATH IN 
DEFECT AREA 

GROSS IN DEFECT AREA 
FAILED IN DEFECT AREA 

,LITTLE TO NO REACTION-VERY GOOD APPEARANCE 
GREEN WHITE SPOT! ON DEFECT AREA. YELLOW 

OXIDE AFTER 3 HR 
FAILED IN DEFECT AREA 
GROSS IN DEFECT - BLACK & GLASSY ELSE'JYHERE 
GROSS IN DEFECT - ATTACK ON BASE METAL 

ACCELERATE3 
GROSS IN DEFtZT - BLACK & GLASSY ELSEWHERE - 

SLIGHT COATING REACTION 
GROSS IN DEFECT - MEDIUM TO HEAVY COATING 

REACTION 
DISCONTINUED - NO FAILURES TO THIS POINT 
FAILED IN DEFECT AREAS WHERE ERUPTIONS IN 

REPAIR COAT FROM INITIAL FUSSION OCCURRED 

DISCONTINUED - NO FAILURES TO Ti l ls POINT 
3/8 IN. PINK STAIN RING AROUND DEFECT - 

COMPATIBLE 
ONE SMALL SPOT ON DEFECT EDGE - VERY SLIGHT 

REACTION 
LIGHT YELLOW DISCOLORATION AROUND DEFECT 
LIGHT YELLOW DISCOLORAT!ON AROUND DEFECT 
VERY LIGHT BROWN RING AROUND DEFECT - 

COMPATIBLE 
4 SMALL FAILURES IN DEFECT 
COMPATIBLE 
COMPATIBLE 
SLIGHT SPALL ON ONE EDGE. SECTIONED FOR 

PHOTOMICROGRAPHS 
IN PROCt5S. (HOLD FOR FURTHER TESTING) 

I 2 F  

I :: 

50 NF 

50 NF 

25 NF 
1 F 

1 F 
1 F 
2 F 

2 F 

2 F 

14 RF 
13 F 

13 F 
14 F 
25 NF 

1 F 

25 NF 
25 NF 
25 NF 

1 F 
25 NF 
25 NF 
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L 

EXP 
NO. 

30 

31 

32 

33 
34 

35 

w 

F - FAI 
NF - NO 

- 
SPECI- 
MEN 
NO. 

- 
V d A  

V d B  

v-6:: 

V d D  
V-6E 

S-41A 

S-42A 

S-43A 

S-44A 
S-45A 

S-46A 

- 
URE 
AILURE 

- 
REPAIR 
COMPO 
SlTlON 

- 
P-1 

R-1 

S-1 

T-1 
U-1 

A-1 

I H-1 

1 P-1 

s-1 
T-1 

U-1 

- 

FINAL REPCRT 
REPORT MDC E0681 
15 SEPTEMBER 1972 

T a b l e  7-3 

VH-109 COATING REPAIR STUDIES 
SPECIMEN DESCRIPTION AND TEST RFSULr: 

(Continued) - 
FLAME 
SPRAY 

AL2 03 
THICK- 
N ESS 
(MILS) 
7 

13.8 

14.6 

10.0 

10.5 
10.3 

9.7 

18.8 

10.9 

10.8 
10.8 

10.5 

- 

- 
REPAIF 
THICK, 
N ESS 
(MILS) 

- 

- 

PROFILE 
CYCLES 

- 

- 
NOT 
CER 

t CHECK TEST 

AIR 
ATMOSPHERE 

1-HR CYCLES 
AT 2400'~ 

25 NF 

3 F 

20 F 

25 NF 
25 NF 

25 NF 

25 NF 

25 NF 

21 F 
25NF 

I 

1 25NF 

MIC COMPOSlTl 

GENERAL COMMENTS ON REPAIRED AREA. 
AFTER OXIDATION CHECK TEST 

REPAIR C: ZTlNG APPROXIMATE THAT OF THE 
COATING IN APPEARANCE 

REPAIR SPRLLEO ON 2ND CYCLE - ONE VERY 
SMALL FAILURE IN CENTER OF DEFECT 

ONE VERY SMALL FAILURE IN CENTER OF DEFECT - 
DULL BROWN 

DULL BLACK 
GROSS BLACK CVER DEFECT - GRAY AREA 1 4 IN. ;I 

AROU!iO REPAIR 
TEST TERMINATED FOR METALLOGRAPHIC 

EXAMINATION 
TEST TERMINATED FOR METALLOGRAPHIC 

EXAMINATION 
TEST TERMINATED FOR METALLOGRAPHIC 

EXAMINATION 
FAILED GT PERIMETER OF REPAIR 
TEST TERMINATED FOR METALLOGRAPHIC 

EXAMINATION k? 
TEST TERMINATED FOR METALLOGRAPHIC 

'XAMINATION 
; a$,, 

' 4 
INS WERE APPLIED IN ACCORDANCE WlfH APPENDIX C. '6 

MCDONNELL. DOUGLAS ASrRONAUr#CS COMPANY - EAOT 
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I r (  
A metallographic examination was performed t o  determine t h e  degree of contamination 

I ., associa ted with each of the  r e p a i r s  which passed the  one atmosphere screening t e s t .  

I :  Typical  r e s u l t s  a r e  shown i n  f i g u r e  7-b. I n  the  case of each of the  compositions, 

I with t h e  exception of T-1, t h e  degree of contamination was minimal, and che compo- 

I : s i t i o n s  were considered t o  have passed t h e  a i r  atmosphere s c r e e n i ~ g  t e s t  and t o  be 

ready f o r  reen t ry  p r o f i l e  evaluation.  

The th ree  compositions s p e c i f i c a l l y  developed f o r  the  VH-109 coat ing,  which 

passed the  a i r  atmosphere screening t e s t ,  were appl ied t o  R-512E-coated Cb-752 

coupons. The r e s u l t s  of t h i s  experiment a r e  shotm i n  t a b l e  7-3 under experiments 

1 8  through 22. The 25-hour screening oxidat ion t e s t  was conducted a t  2400°F a t  

1 ahnosphere a i r .  Each of t h e  compositions (H-1, P-1, and U-1), passed the  

screening t e s t  without oxidat ion.  The rsapons were checked metal iographical ly ,  

and the  i n t e r ~ a l  contamination of t h e  Cb-752 s u b s t r a t e  was minimal. It was 

concluded t h a t  these  compositions should be proEi le  t e s t e d  s i n c e  they appeared t o  

be equal  to ,  o r  b e t t e r  than,  the  A-1 composition which had -.lready been developed 

and shown t o  be s a t i s f a c t o r y  f o r  R-512E coated Cb-752. Figure  7-7 i l l u s t r a t e s  

t y p i c a l  r e s u l t s  obtained wi th  these  compositions. 

A s e r i e s  of r een t ry  p r o f i l e  t e s t s  was performed on t h e  ceramic r e p a i r  compo- 

s i t i o 3 s  wh!.ch s a t i s f a c t o r i l y  passed t h e  25-hour screening t e s t  a t  2400°F i n  

1 atmosphere a i r .  The t e s t  condi t ions  were t h e  time, temperature, and atr  pres- 

s u r e  reen t ry  - o f i l e s  shown i n  f i g u r e  4-1. The ceramic r e p a i r  compositions H-1, 

t P-1, and U - 1  were appl ied t o  defected coupons of bcth R-512E-coated Cb-752 and 
> 

VH-109-coated C-129Y. The composition A-1, previously  reen t ry  p r o f i l e  t e s t e d ,  was 
i '. incl-ded with the  R-512E-L~a:ed Cb-752 group f o r  comparison, Two r e p a i r s  were 

.. 
included on each coupon tes ted .  I n  cases  i n  which one of t h e  two r e p a i r  a reas  

b 
I f a i l e d ,  t h e  r e p a i r  was replaced t o  provide f o r  the  cont inuat ion of t h e  t e s t i n g  
I 

of t h e  unfa i l ed  r e p a i r  s i t e .  The t e s t i n g  was terminated a f t e r  100 p r o f i l e  cycles ,  
i 

o r  when both r e p a i r  a reas  had f a i l e d .  Upon completion of t h e  p r o f i l e  oxidat ion 

t e s t i n g ,  metallographic examinations were used t o  determine t h e  e x t e n t  of s u b s t r a t e  

B contamination. 
-4 P r o f i l e  oxidat ion t e s t i n g  r e s u l t s  a r e  presented i n  rnble  - 3 .  The A - 1  compo- 

s i t i o n  r e p a i r  on t n e  R-512E coat ing proved t o  be e f f e c t i v e  i n  preventing oxi t '? t icr  

and allowing minimal cxygen contaminatior. below the  r e p a i r  i n  100 simulated 
. -  - 

r e e n t r i e s .  The H-1 composition showed 1 f a i l u r e  a f t e r  80 p r o f i l e  cycles ,  and t h e  

second H-1 r e p a i r  passed a 100-cycle exposure without oxidat ion.  Metallographic 

C t examination of the  100-cycle H-1 r e p a i r  s i t e  showed more depth of contamiration 

7-15 
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than e i t h e r  A-1 o r  U-1 compositions, L.ut t h l s  depth Nas c u t  c ~ u s i d e r e d  excessive.  

The U-1  r epa i red  coupons Sefore  rind a f t e r  t e s t i n g  a r e  shown i... L i g d r e  7-8 wi th  a 

meta l lo&raphic  c r o s o - s x t i o n .  The U - 1  r e p a i r  proved t o  be  a dense uniform m.?+.eridl 

which allowed minimal vxygen t o  pass  i n t o  the  Cb-752 s u b s t r a t e .  The V - l  ~ 2 n 7 ; : -  

were the  l e a s t  e f f e c t i v e ,  pe rmi t t ing  ox ida t ion  f a i l u r e s  t o  occur i r l  t h e  ~ 2 p a i . r  

a r e a  w i t h i n  30 t o  60 p r o f i l e  cycles .  

The r e p a i r  o t  the  VAC-HYD VH-109 coating was no t  . . s,icc.ecc:'ui as the r e p a i r  

of t h e  R-512E, bu t  showed s a t i s f a c t o r y  r e s u l t s  w i t n  tile H - l  znr: 3-1 r e p a i r s .  Tine 

H-1 r e p a i r  showed very l i t t l e  s u r f a c e  poros i ty  end a g9od e x t e r i o r  appearacce. 

T11c depth of oxygen pene t ra t ion  (average 6 mi l s )  ;. ' : g 5 t l y  lower than for  the  

same H-1 r e p a i r  cn Cb-752, and t h e  r e s u l t s  were -.onsidersd s a t i s f a c t o r y .  The 

U - 1  r e p a i r  of the  Vi-109 coa t ing  showed t h e  lowest  avcunt of contamination o i  

the systems t e s t e d ,  an  average of 2.5 -. Is i n t o  t h e  C-129Y s u b s t r a t e .  Some 

surEace poros i ty  a ssoc ia ted  wi th  the  U-1 is  bel ieved respons ib l s  f o r  t h e  e a r l y  

f a i l u r e  of specimen 55A. The coupon before  and a f t e r  10C simulat?d p r o f i l e  

cyc les  is shown i n  f i g u r e  7-9 wi th  a photomicrograph of the  r e p a i r  a r e a .  A? 

was the  cac with the  Cb-752, t h e  P-1 r e p a i r s  on the  1'l-l-133-coated C-129Y were 

the  l e a s t  e f f e c t i v e .  One of  the  specimens showed ox ida t ion  f a i l u r e  a f t e r  80 

simulated - .eentry cyc las ,  and t+:e s.xond a f t e r  100 r y  les. 

It was concluded Liom t h i s  s e r i e s  of p r o f i l e  tests t h a t  the  compositions H-1 

and U-1 show promise a s  r e p a i r  meth2i.; f o r  VH-109 coatcd C-129Y and should be 

s t r u c t u r a l l y  evaluated on panels.  Lie Famc compositions, ~ l u s  t h e  A- 1 r - - l a i r ,  

appear szo. is fac tory  f o r  t t~c  R-512E coa t ing  on Cb-752. I n  e? h c.::e: the  chemical 

compat ib i l i ty  was excel lens .  The phys ica l  c ~ ~ a r a c t r r i s t i c s  c f  the  r e p a i r s  wer? 

n o t  as c o n s i s t e n t  a s  des i rab le .  Both s u r f a c e  and i . ~ t e . . n a l  p o r s s i t y  needed :llrther 

s tudy,  - ince  w e  b e l i e v e  t h a t  e a r l y  := i lu res  a r e  r e l a t e d  t o  p o r o s i t y  wi th in  the  

r e p a i r s .  

7.5 IY2ROVEMENT OF CERAMIC REP.4" LOW TEMPERATURE VEHICLE S'ISTE3 - Prev io~ l s  

=va lua t ions  of ceramic composition r e p a i r s  have shorn a mul t in i s s ion  r:zntr7 
b 

ca .>ab i l i ty  of 100 qycles.  Tht r e  were a f ~ w  random e, l y  f a i l ~ . l r e s  and SOmR veyib- 

t i i s .  i n  the  e x t e n t  of s u b s t r a t e  contamis:at!.on below the  ce-  a~i  - r e p a i r s ,  condd. ; 05s 

which have beerA a t i r i b u t e d  t o  poros i ty  i n  t h e  ceramic r e p a i r  systems. The caust. 

of t h i s  p o r o s i t y  was asc r ibed  t o  t h e  low tenperatura  c e l l u l o s e  n i t r a t e  lacquer  

v e h i c l e  system. A t  room tempr . a t u r e ,  the  iacqrier forms a 9.g: Zly bonded r e p a i r  

which does not  permit  t h e  uniform outward d i f f u s i o n  of g a s e ~ u b  decomposition pro- 

duc t s  dur ing hea t ing  t o  the  ceramic f u s i o n  temperature. S i n ~ e  t h e  ceramic 
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SUBSTRATE 

- .  50X 

CROSS SECTIOF; OF U-1 REPAIR OF VH-109 COATING AFTER - 
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C c o n s t i t u e n t s  performed e f f e c t i v e l y .  a c r l t e r i o n  of t h e  study was e s t a b l i s h e d  i n  I 
1 

which only t h e  low temperature v e h i c l e  syrtem would be a l t e r e d  s o  t h a t  d e s i r a b l e  I 
1 

elevated temperature p roper t i e s  could be maintained. 1 
I 

The f i r s t  approach t o  e l imina t ing  t h e  su r face  poros i ty  was t o  i n c r e a s e  t h e  1 

1 
time t o  achieve t h e  ceramic fus ion temperature. Xhi le  t h i s  technique appeared 1 
t o  reduce t h e  su r face  porosi ty ,  it was n o t  an improvement s u f f i c i e n t  t o  meet t h e  1 
object ives .  The second approach was t o  rep lace  the  lacquer  wi th  another organic  I 

vehicle.  Coupons of R-512E coated Cb-752 and VH-109 coated C-129P were defected 
I 

by g r i t  b l a s t i n g  wi th  fused aluminum oxide (220 mesh) t o  produce 1/4-inch diameter t 

I 
defec t s .  A t o t a l  of 22 d i f f e r e t t  experiments involving 36 ceramic compositions I 

was conducted. The experimental  and test r e s u l t s  a r e  presented i n  t a b l e  7-4. The 

systems which showed t h e  b e s t  oxidat ion performance and t h e  l e a s t  poros i ty  were 

r e p a i r  compositions which had been previously  developed, but  i n  which t h e  low 

temperature veh ic le  system was changed t o  an e t h y l  alcohof 5ase. Tine e t h y l  a lcohol  

was s a t u r a t e d  wi th  a commercial corn s t a r c h  (Eastman Organic Chemical Company's . . 
Technical  Grade Zein) which funct ions  a s  a suspension agent. 

- 
t 

Oxidation t e s t  eva lua t ions  conducted a t  both 1 atmosphere x e s s u r e  and under 
I 

reen t ry  p r o f i l e  t e s t  condi t ions  proved t h e  new cornpositL~ns t o  be equal  o r  

C super io r  t o  the  previous compositions. We emphasize t h a t  rhe high temperature 

components remain ~nchanged.  The following list shows t h e  cur ren t  ccspos i t ion  
C 

Z * 
designat ions  and the  previous compositions from which they were derived: 

?r 

COMPOSITION DERIVATIVES r' c1 

FOR IMPROVED CERAMIC REPAIRS X .+ 
Orig ina l  3 ,  

Composition Improved D e r i v a t i t  e -*'& 

Designation Composition Designation e 
U- 1 5-2 ( f o r  R-512E) 

,b 
U- 1 E-2 ( f o r  VH-109) 

H- 1 0-2 ( f o r  VH-109) ii 
A- 1 N-2 ( f o r  R-512E) ,- .. . 

% .* '. 
5 - 

The improved vers ions  of the  ceremic compositions have i n  common a substan- 

t i a l l y  improved s u r f  ace  t ex tu re  and phys ica l  appearance. Figure 7-10 shows the  

f i n a l  improved composition having no s i g n i f i c a n t  su r face  p o r o s i t y  a f t e r  110 r e e n t r y  
'k ---- 

p r o f i l e  cycles.  The phys ica l  mic ros t ruc tu re  has  been s u b s t a n t i a l l y  improved, a s  

shown i n  f i g u r e  7-11. Improved ceramic r e p a i r  ccmpositions were ready f o r  evalua- - 
t i o n  on 3 by 12-inch r i b  s t i f f e n e d  panels  under reen t ry  f l i g h t  s imulat ion i n  order  c t o  prove adequacy of t h e  r e p a l r s  under s t r u c t u r a l  s t r a i n s  and acous t i cs .  

L 
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T a b l e  7-4 

DEVELOPMENT OF IMPROVED VEHICLES SYSTEM 
SPECIMEN DESCRIPTION AND TEST RESULTS 

. 
OXlDATlON CHECK TEST 

REPAIR 
' 

SPECI- REPAIR THICK- 
AIR 

ATMOSPHERE GENERAL COMMENTS ON REPAIRED AREA. 
MEN COMPO- NESS PROFILE -- AFTER OXIDATION CHECK TEST 

I AT 2400°F 

5-754 I X-l  I 7.0 I 3 F REPAIR SPALLED 
S-756 1 Y-1 11.4 25 NF ROUGH 1 t X i  UHE 'JriTii POROSiiY 
S-lW Z-1 1 11.4 1 / lor INTERREACTION WITH R-512E 
VdOA 2-1 I 11.0 1 25 NF . MEDIUM POROSITY 
- A  - 2  11.4 25 NF MEDIUM ROUGHNESS It POROSITY 
S-810 8-2 7.1 25 NF BLACK. GLASSY 8 SMOOTH 
S-82A C-2 6.5 1 F SPALLED 
5-828 D-2 5.1 17 F OXIDATION FAILURE IN DEFECT 
S-47A E-2 11.8 1 25 NF BLACK. GLASSY & SMOOTH 
V-17A E-2 9.9 25 NF BLACK, GLASSY, SMOOTH It SLIGHT REACTION 

WlTH VH-109 
V-370 E-2 20.8 110 NF GLASSY. SMOOTH 8 SLIGHT REACTION WITH VH-109 
V 3 7 B  E-2 18.0 110 NF GLASSY, SMOOTH It SLIGHT REACTION WITH VH-109 
S d l A  F-2 13.1 5 NF ROUGHNESS & POROSITY 
V-170 F-2 14.2 1 F DEFECT EDGE FAILURE 
S a l B  G-2 7.1 1 F ROUGHNESS. POROSITY & OXIDATION 
V-17C G-2 9.1 1 F EDGE FAILURE 
S-36A H-2 10.6 2 F SPALLEO 

I S-36B 1-2 11.0 2 F SPALLED 

F -FAILURE 
NF - NO FAILURE 

NOTE: 
CERAMIC COMPOSITIONS WERE APPLIED IN ACCORDANCE WlTH APPENDIX C. 
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OXID4TION CHECK TEST 

SPECI- REPAIR AIR 
ATMOSPHERE NO. PROFILE 

NO. SlTlON 
NESS (MILS) CYCLES 1-HRCYCLES 
{MILS) A T  2 m F  

I 

46 i SdOA J-2 9.5 25 NF  

GENERAL COMMENTS ON REPAIRED AREA. 
AFTER CXlDATlON CHECK TEST 

SLV1-GLASSY - SMOOTH 
V-15A J-2 25 NF  'SEMI-GLASSY - SitlOOTH. MEDIUM REkCTlVlTY WITH I VH-ie 

47 S A 7 A  1 J-2 15.5 i 110 NF !GLASSY WITH SLIGHT ROUGHNESS 
1 13.5 . 110 NF IGLASSY WiTH 5LlGHT ROUGHNESS 
I 1 . 6  5 NF  ROUGHNESS & POROSITY 1 10.4 1 5 NF  HEAVY ROUGHNESS & ?OROSITY 

9.7 5 N F  'MEDluM RouGIINES 6 PoRos:TY 
SLIGHT ROUGHNESS 
COUPON FAILURE - NOT REPAIR RELATED 
NON-GLASSY - SLIGHT ROUGHNESS 

I NON-GLASSY - SLlGIiT ROUGHNESS 
NGN-GLASSY -SLIGHT ROUGHNESS 
NON-GLASSY - SLIGHT POUGt.1NESS 
NON-GLKSPY -SLIGHT ROUGHNESS 
NON-GLASSY - SLIGHT ROUGHNESS 

I 15.0 1 25 NF  
14.6 1 20 tir 

S-A120 ti-2 
51 IS -52~  

V-22A 
S-13A-A 
S-13A-0 

0-2 
0-2 
0-2 
0-2 

52 

53 

54 

55 

56 

57 

P-2 
R-2 
S-2 
T-2 
U-2 
V-2 
\V-2 
X-2 

Y-2 
2-2 
A-3 
H-1 
H-1 
H-1 
P-1 
0-1 
A-1 

V-26A 
V-260 
S-18A 
S-188 
S-18C 
S-180 
S-14A 
S-146 

S-14C 
S-17A 
S-170 
V-39A 
V-390 
V-52h 
V-53A 
V-55A 

12.1 25 NF 

P-1 1C.3 60 F 
S d 8 A  U-1 1 11.3 110 NF 

b 

12.3 
15.5 
14.0 
9.8 

11.3 I 10.5 
11.0 
10.1 
9.6 

12.3 
10.5 

11.2 
9.9 

10.3 
13.4 

NON-GLASSY - MEDIUM 40UGHNESS 
FAILED ON EGGE OF DEFECT 
GLASSY - SLI7HT ROUGHNESS 

F -FAILURE NOTE: 
NF - NO FAILURE CERAhllC COMPOSITIONS WERE APPLIED IN ACCORDANCE WITH APPENDIX C. 

' 1 l O N F  
110 NF 

5 NF I : f l ~ ~ ~ ~ ~  ~OUGHNESS - POROS!TY 

I 
MEDIUM ROUGHNESS - POROSITY 
SPALLED 

' 25 NF  

10.3 110 NF 

CRACKS - MEDIUM ROUGHKESS 
SHRINKAGE CRACK5 - HEAVY ROUGHNESS 
SMOOTH 8 GLASSY 
SMOOTH & GLASSY WITH SLIGHT REACTION WITH 

R-512E 
GLASSY - MEDIUM ROUGHfiESS 
SMOOTH & GLASSY 
GLASSY WITH SLIGHT ROUGHNESS 
NON-GLASSY - MEDIUM ROUGHNESS 
NON-CLASSY - MEDIUM ROUGHNESS 

110 NF 

NON-GLASSY - MEDIUM ROUGHNESS 
NON-GLASSY - MEDlllM ROUGHNESS 
GLASSY - MEDIUItl ROUGH! ESS 
GLASSY - MEDIUM ROUGHNESS 

5 NF  
25 NF  
25 NF 

5 N F  
25 NF 

5 NF 
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J-2 REPAIR N-2 REPAIR 0-2 REPAIR 

SYLVANIA R-512E COATED Cb752 COUPONS .-- 

. . 
E-2 REPAIR H-1 REPAIR !$: +. 

VACSIYD VH-109 COATED C-129Y COUPONS 

CERAMIC COMPOSITION REPAIRS WITH IMPROVED VEHICLE 
SYSTEM AFTER 110 REENTRY PROFILE CYCLES Figure 7 - 10 
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N-2 CERAMIC REPAIR 

R-512E COATING 

Cb-752 SUBSTRATE 

250X 

N-2 COMPOSITION AFTER 25 HOURS AT 240V 

J-2 CERAMIC REPAIR 

R-512E COATING 

Cb-752 SUBSTRATE 
',. 

0-2 COMPCSlTlON AFTER 25 HOURS AT 2400°F 250X 

PHOTOMICROGRAPHS OF CERAMIC REPAIR SHOWING DENSE STRUCTURE - 
ASSOCIATED WITH IMPROVED VEHICLE SYSTEM 

Figure 7-11 

. MCDOUNPLL DOU6US ASTRONIIUTICS COMPANY - 
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t. 8. DIFFUSION BARRIER STUDIES 

Ceramic composition r e p a i r s  a r e  a t t r a c t i v e  because they can be appl ied quickly  

and e a s i l y  i n  thk f i e l d .  Although these  r e p a i r s  e f f e c t i v e l y  prevent oxidat ion of 

columSim by e l iminat ing formation of t h e  bulky, nonprotective Cb205,. they do 

permit some oxygen t o  reach and d i s so lve  i n  t h e  columbium s u b s t r a t e .  This  oxyger. 

s o l u t i o n  contamination occurs  i n  two s tages:  ( a )  i n i t i a l l y ,  i n  t h e  ou te r  2 t o  5 

mils 3f t h e  s u b s t r a t e  i n  the  r e p a i r  a r e a  during t h e  f i r s t  hea t ing  t o  2000°F, a t  

which time fus ion  occurs and seals t h e  r e p a i r ;  and (b) during subsequent s e r v i c e  

cycles  (up t o  190 r e e n t r i e s ) ,  i n  which a d d i t i o n a l  contamination occurs which 

b r ings  t h e  t o t a l  depth t o  4 t o  8 mils. While t h i s  minor oxygen contamination i n  

a l o c a l  de fec t  a rea  has  not  been shown t o  impair  t h e  s t r u c t u r a l  i n t e g r i t y  of heat-  

s h i e l d  panel  s k i n s ,  i t  is bel ieved t h a t  ceramic r e p a i r s  would b e  more un iversa l ly  

u t i l i z e d  i f  such an oxygen s o l u t i o n  zone could be eliminated.  

The df f f u s i o n  b a r r i e r  concept would e l imina te  t h e  oxygen s o l d t i o n  zone by 

in te-posing a b a r r i e r  between t h e  ceramic r e p a i r  and t h e  s u b s t r a t e  which would s t o p  

oxygen d i f f u s i o n  before  i t  reached t h e  columbium. The initial approach t o  such a 

C d i f f u s i o n  b a r r i e r  was t o  brush p l a t e  one of the  noble metals from t h e  group of 

rhodium, rhenium, and ir idium. The primary c r i t e r i o n  f o r  s e l e c t i o n  of these  

metals was t h e i r  p red ic ted  compat ib i l i ty  w i t h  t h e  fused s l u r r y  s i l i c i d e  coat ings  

and t h e i r  ox ida t ion  res i s t ance .  The brush p l a t i n g  process was s e l e c t e d  a s  the  

app l ica t ion  technique because i t  could b e  r e a d i l y  accomplished i n  t h e  f i e l d .  The 

i n i t i a l  experiments were conducted wi th  rhodium because - L t  was t h e  e a s i e s t  metal 

t o  brush p l a t e .  

8.1 DEVELOPMENT AND EVALUATION OF DIFFUSION BARRIERS - The f i r s t  t a s k  i n  

development o f  t h e  d i f f u s i c n  b a r r i e r  concept was t o  determine t h e  parameters f o r  

obta ining an adherent p l a t i n g  o f  t h e  two columbium a l l o y s  of i n t e r e s t .  The Meta 

Chemical Divis ion of SIFCO Company, Cleveland, determined t h a t  preparatory  c leaning 

by l i g h t  alumina g r i t b l a s t i n g  was s u f f i c i e n t  t o  provide an adherent p la t ing .  The 

l i g h t  alumina g r i t b l a s t i n g  was used wi th  t h e  c e r a n i c  r e p a i r s  and was considered a 

func t iona l  c leaning method f o r  brush p l a t i n g .  The c leaning and process ing derived 

f o r  t h e  uncoated a l l o y s  were appl ied t o  coated coupons having a 1/4-inch d e f e c t .  

T t  was found t h a t  t h e  rhodium p l a t e d  s a t i s f a c t o r i l y  on t h e  ae fec ted  coupons (as  

shown i n  f i g u r e  8-1) i n  which 0.2 m i l  of rhodium i s  appl ied t o  a defected R-512E 

coated Cb-752 coupon. Brush p l a t e d  rhodium d i f f u s i o n  h a r r i e r s  of 2 and 4 mils were 
- 
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Figure 8-1 

evaluated i n  a 1 - a t m o s p i ~ ~ r e  s c r e e n i n g  test a t  2400°F. I n  cases  i n  which ox ida t ion  

t e s t s  were conducted on rhodium as t h e  on ly  means of p ro tec t i l ig  t h e  d e f e c t  a r e a ,  '3 a 

f a i l u r e  occurred w i ~ h i n  one 15-minute c y c l e  a t  2400°F. The rhodium was s p a l l e d  

from t h e  d e f e c t  a r e a  by t h e  formation of columbiwn oxide below t h e  rhodium p l a t e .  

A series of specimens was prepared i n  wi.'.ch d z f e c t i v e  R-512E-coated Cb-752 coupons 

were brush p l a t e d  wi th  0.4 m i l  of rhodium. The p l a t e d  d e f e c t  a r e a s  were ceramic 

r e p a i r  coated wi th  t h e  A-1, U-1,  and H - 1  c o m p o s i t i ~ n s .  Each specimen was given an 

ox ida t ion  exposure i n  a i r  a t  2400°F f o r  3C minutes. After t h i s  s h o r t  exposure, a 

me t a l l o g r a p h i c  examination was performed t o  determine t h e  e f f e c t i v e n e s s  of t h e  

rhodium b a r r i e r  dur ing t h e  c r i t i c a l  i n i t i a l  ceramic fus ion per iod.  The rhodium was 

found t o  be i n e f f e - t l v e  i n  p reven t ing  oxygen contamination of t h e  s u b s t r a t e  f o r  

each o.€ t h e  t h r e e  ceramic compositions. The U - 1  composition is shown i n  f i g u r e  

8-2. Although t h e  rhodium was t h e  d e s i r e d  th ickness  (over 0.4 mil )  and p h y s i c a l l y  

s a t i s f a c t o r y ,  oxygen d i f f u s e d  trirough t h e  rhodium, causing s u b s t r a t e  contamination.  

The A-I. r e p a i r  was found t o  be  less com?atible wi th  t h e  rhodium than t h e  U-1  com- 

p o s i t i o n .  I,-? rhodium was p a r t i a l l y  des t royed,  causing an uneven b a r r i e r  coverage 

wi th  oxygen contaminztion of the  Cb-752 s u b s t r a t e .  The H - 1  r e p a i r  composition was 

found t o  be  t o t a l l y  incompatible w i t h  t h e  brush p l a t e d  rhodium. We concluded t h a t  

the  d i f f u s i o n  of oxygen through t h e  rhodium is s o  g r e a t  t h a t  rhodium is not  a good 

d i f f u s i o n  b a r r i e r  w i t h i n  t h e  p r a c t i c a l  limit: of rhodium p l a t e  th icknesses .  
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457 -2806 
AFTER '0  MINUTES AT 24000F AND ONE ATMOSPHERE PRESSURE 

Figure 8-2 

Attempts were made t o  brush p l a t e  rhenium. The rilenium adhesion was s a t i s -  

fac tory  bu t  t he  r a t e  of deposi t ion w a s  too  slow t o  b =  p r a c t i c a l .  A t  t h e  r a t e s  

achieved, i t  would r equ i r e  4 hours t o  brush p l a t e  0.4 m i l  of  rhenium, an impracti- 

c a l  time f o r  f i e l d  r epa i r  proceiure.  Iridium was considered t o  be  more d i f f i c u l t  

t o  p l a t e  than rheniuu and was, therefore ,  eliminated from considerat ion.  

Other metals and in t e rme ta l l i c s  were considered a s  d i f fu s ion  b a r r i e r s .  

Molybdenum and tungsten were candidates because of t h e i r  compat ib i l i ty  wi th  the 

r e p a i r s  and wi th  t h e  fused s l u r r y  s i l i c i d e s ,  t h e i r  low oxygen s o l u b i l i t y ,  and t h e i r  

low oxygen d i f fu s ion  rates. Attempts t o  formulate p l a t i n g  so lu t ions  i~ conjunction 

wi th  i r o n  o r  chromium provided use less .  A second approach pursued was t o  use a 

metal  which would form an i n t e r m e t a l l i c  compound upon reac t ion  with t h e  columbium 

subs t r a t e .  Chromium w a s  success fu l ly  p l a t ed  bu t  proved t o  be incompatible wi th  

t he  ceramic repa i r ,  and oxidat ion f a i l u r e s  occurred rap id ly .  Aluminum was used by 

applying f o i l  t o  defec t  a reas  i n  coupon specimens using overlapping tack spot  welds. 

As was  t he  case wi th  t h e  chromitrn, incompat ib i l i ty  with t h e  ceramics destroyed t h e  

aluminum before a columbium aluminide could b e  formed. k l i l e  t he  concept of t he  

d d i f fu s ion  b a r r i e r  is sound, a s a t i s f a c t o r y  combination of ma te r i a l s  has  nc: been 
"k' 

i den t i f i ed .  
8-3 

MCm!31WNCLL DOL'OUS ASTRONA(rr8CI COMPANY - I A I T  
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The plasma needle  is a low anperage wzldinq machine designed f o r  j o i n i n g  t h i n  

gauge m a t e r i a l s ,  It employs an argon s t a b i l i z e d  plasma flame w i t h  t h e  e l e c t r i c a l  

a r c  s t r u c k  w i t h i n  t h e  t o r c h ,  o r  between t h e  t o r c h  and work place.  S ince  t h e  flame 

is r z l a t i v e l y  smal l ,  quick l o c a l  h e a t i n g  wit11 adequate temperature c o n t r o l  was 

expected. The o b j e c t  !?as t o  .'.evelop a r e p a i r  method i n  which t h e  fused s l u r r y  

s i l i c i d e  coa t ing  could be  res laced  i n  a d e f e c t i v e  a r e a  by techniques  s i m i l a r  t o  

to rch  brazing.  

The plasma needle  used was a Linde model wi th  Torch No. PT-12. The machine 

was operated i n  t h e  t r a n s f e r r e d  and non t rans fe r red  a r c  modes. I n i t i a l  experiments 

were conducted wi th  uncoated and coated C. -752 coupons wi th  gr i tb las tec!  d e f e c t s .  

The process ing cyc les  were performed i n  a i r  wi th  t h e  t o r c h  mounted i n  an  a d j u s t a b l e  

micrometer ho lder  over t h e  cvupon. The coupons were instrumented on t h e  back wi th  

a thermocouple. The fol lowing observa t ions  were made: 

a )  The t a r g e t  temperature,  2700°F, could b e  achieved on ly  wi th  d i f f i c u l t y .  

Overheating could burn h o l e s  through t h e  coupons and t h e  t o r c h  had t o  be  

loca ted  d i r e c t l y  over t h e  thermocouple t o  s t a b i l i z e  a t  2700°F. b f t e r  

s t a b i l i z i n g ,  a l a t e r a l  t o r c h  displacement of 0.050 inch produced a tempera- 

t u r e  drop of 200 t o  400°F. 

b) Attempts t o  e f f e c t  reformat ion of t h e  fused s l u r r y  s i l i c i d e  coating pro- 

duced varying r e s u l t s .  Although somt: encouraging mel t ing  and apparent  

r e a c t i o n  occurred,  c o n s i s t e n t  r e s u l t s  could n o t  be  obta ined.  Nonuniform 

wet t ing  cf t h e  d e f e c t  a r e a  o -cur red  w i t h  evidence of s l u r r y  ox ida t ion .  

c) Equipment problems caused by r e r a d i a t i o n  from t h e  coupon tended t o  over- 

h e a t  t h e  to rch .  

An experiment was conducted i n  an argon welding chamber t o  i s o l a t e  t h e  cause  

of t h e  i n c o n s i s t e n t  r e s u l t s .  Wetting and flow of t h e  R-512E s l u r r y  occurred,  bu t  

s u f f i c i e n t  t ime and temperature could no t  be  obtained t o  produce t h e  des i red  coat-  

i n g  s t r u c t u r e .  F igure  9-1 shows a r e p a i r  a t tempt  i n  argoR i n  which mel t ing  

occurred b u t  t h e  r e a c t i o n  of t h e  s l u r r y  w i t h  t h e  columbium was n o t  achieved.  The 

r e p a i r s  show evidence of o x i d a t i o n  presumed t o  be  coming from minute amounts of 

water  l eak ing  from t h e  water  cooled tor"?. A clear= weld bead could be run on 

t i t a n i u m  s h e e t  i n  t h e  argon chamber wi th  ..: h e l i a r c  torch.  However, d i s c a l o r a t i o n  

of t h e  t i t an ium nzcurred when weld beads were run wi th  t h e  plasma need le  to rch .  

Th is  confirmed t h a t  t h e  plasma need le  f lame was n o t  f r e e  of o x i d i z i n g  gas.  
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457-2eos UNSUCCESSFUL PLASMA NEEDLE REPAIR ATTEMPT 
Figure 9-1 

It was ccnclilied t h a t  the  plasma needle torch wzs not a p r a c t i c a l  method f o r  

repa i r  cf the  fused s l u r r y  s i l i c i d e  coating f o r  the  following reasons: 

a )  The flame from the plasma torch heated an a rea  which was too small t o  be 

used e f f ec t ive ly  i n  a handheld r epa i r  method. (A more diffused flame 

torch might help.) 

b) The flame was not s u f f i c i e n t l y  clean t o  allow uniform wett ing of the  

s l u r r y  or  coat ine formation. 

c) The equipment was d i f f i c u l t  to  use and t o  control .  
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t l i r  . PLASMA SPrAYE? REPAIRS 

The f i e l d  r e p a i r  of coated columbium panels by plasma s?r?.ying was inves t iga ted  

because of t h e  eaae and p r a c t i c a l i t y  of plasma spraying.  ':he following advantages 

were i d e n t i f i e d :  

a) Por tab le  equipment can be r e a d i l y  used i n  the  f i e l d  

b) Repairs can be  made quickly 

c )  The r e p a i r  is f u l l y  p r o t e c t i v e  a s  appl ied .  

Plasma deposited coat ings  have been evaluated f o r  the  p ro tec t ion  of r e f r a c t o r y  

meta ls  wi th  l imi ted  success.  The development of new p l a s ~ a  sprayi.-g techniques 

and t h e  a v a i l a b i l i t y  of smal ler  p a r t i c l e  s i z e  ppray m a t e r i a l s  have permitted t h e  

depos i t ion  of improved coat ings .  The dens i ty  and uniformity of the  c u r r e n t  plasma 

sprayed coat ings  would make them high p o t e n t i a l  candidates  a s  f i e l d  r e p a i r  coat ings .  

10.1 OXIDATION EVALUATION OF PLASMA DEPOSITED REPAIRS - The plasma spraying 

was accomplished by METCO Incorporated of Wes tbury ,  New Tork. Of primary i n t e r e s t  

were i n t e r m e t a l l i c  compounds, which have been shown t o  be t h e  most success fu l  

m a t e r i a l s  f o r  p ro tec t ing  the  r e f r a c t o r y  metals .  I n  a d d i t i o n  t o  t h e  i n t e r m e t a l l i c s ,  

Ci  o t h e r  candidate  m a t e r i a l s  were evaluated f o r  r e p a i r s .  

Cb-752 coupons wi th  the  R-512E coa t ing  were i n t e n t i o n a l l y  defected by g r i t -  

b l a s t i n g  t h e  coat ing f .  %I a 1/4-inch diameter spo t  wi th  220 mesh alumium oxide.  

A f t e r  METCO plasma deposited var ious  r e p a i r s  t o  an a r e &  i/4-inch i n  d iameter ,  the  

coupons were re turned t o  MDAC f o r  evaluat ion.  The s tandard screening ox ida t ion  

t e s t  of twenty-five 1-hour cycles  i n  a i r  a t  2400°F was conducted on each type of 

r e p a i r .  In  add i t ion ,  each r e p a i r  m a t e r i a l  was p r o f i l e  t e s t e d  t o  t h e  condi t ions  

shown i n  f i g u r e  4-1. The exposures were conducted i n  s e t s  of 10 p r o f ~ l e  cyc les  

u n t i l  r e p a i r  f a i l u r e  occurred,  o r  u n t i l  a  t o t a l  of 100 cycles  was run. Metallog- 

I r a p h i c  specimens of t h e  promising r e p a i r s  were examined a f t e r  the  sc reep ing  and 

p r o f i l e  ox ida t ion  exposures. , A summary of r e s u l t s  f o r  the  evaluat ion of che plasma sprayed r e p a i r s  is pre- 

sented i n  t a b l e  10-1. The f i r s t  s e r i e s  of plasma s p r a y ~ l  r e p a i r s  includes  t h e  

oxide  specimens 1 through 12 of t a b l e  10-1. These r e p a i r s  were aluminum oxide and 

aluminum oxide-t i tanium oxide  composites. The powders and spraying procedures 

were developed by METCO t o  produce high dens i ty  coat ings .  Figure 10-1 shows the  

type of e a r l y  f a i l u r e s  experienced,  i n  which s p a l l i n g  of t h e  r e p a i r  occurred upon 

cool ing a f t e r  the  f i r s t  cycle .  I t  is bel ieved t h a t  a combination of chemical 

C - 
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EVALUATION OF PLASMA DEPOSITEE FIELD REPAIR COATINGS 

t 

SPEC 
No' 

1 
2 

10 
12 

5 - 
6 

14 

TEST CONDITIONS 
WETCO ONE ATMOSPHERE I REDUCED 
REPAIR OXlDIITlDN CYCLES / PRESSURE TLST RESULTS 

DESIGNATION 
REPAIR THICKNESS ,MILS: 

AT 2(DoDF 

130 ALUMINUM OXIDE - 10.6 I 
TITANIUM OXIDE 7.0 
CUMF'CISITE 

131 V.F. ALUMINUM OXIDE - 5.8 1 
TITAHIUM OXIDE 9.9 

105 S.F. ALUMINUM OXIDE 10.6 I 1 
6.6 I 

I 443 A L U W I N I  NICKLE - 9.3 I 11 ;FAILED - OXICE GI('ClhTH 

I CIiRoMluM C o w o s l T d  - 
16 6.2 ! 0 IS IALL FAILURE - REPAIR I 

I 
XP 1137 CHROMIUM SlLlClDE 

- 

- 
I PERIPHERY I 

I 
- 'NO FAILURES - GCOP 

DI:ILICI@E 
! 
1 ! APPEARANCE 

6.5 I !NO FAILURES - GOOD 
I 
i 

8.? 
DlBORlDE REPAIR PERIPHERY I ) .  

9.9 

I 
1c !FAILE!l - REACTIZN P i  

29 I T S R-1491-5 CLASS-CERABIC i 9.3 1 I S 
3: 9.9 1 - I 10 

I I ! / SIL!C!DE 

4 T S 2-1033-2 GLASS C E R L T  8.9 25 

i 10.4 I 22 - - .  ] FAiLED - REDAIR CENTEF! 

35 
36 

37 
39 
40 

I - - 

* 

SPECIMEN 33 HAD A CERAMIC REPAIR APPLIED OVER PLASMA SPRAY TO DETERMINE IF INSUFFICIENT OXIDATION 
RESISTANCE CAUSED FAILURE. 

4 5 7 - Z P . 1 3  

i n c o m p a t i b i l i t y  and thermal  expansion mismatch con t  r ; k i t e d  t c .  t h e  : I .  T!:t. 

R-jIzE rused s l u r r y  s i l i c i d e  c o a t i n g  beneath i h e  o x i d e  icprrir i n  t i i c  ..*.:~riii;r .ir.:;? 

s p a l l e d  o f f  w i th  t h e  ox ide  r e p a i r  doh-? t o  the Cb-752 s u b s t r a t e .  ? r c f i l e  es;.<;.;lll-i.s 

r e s u l t e d  i n  t h e  same :ype of  f a i l u r e s  f u r  t h e  s~!r;,yed o s i d e s .  

The second type  of m a t e r i a l  evaluateci a s  a plasma J e p c s i t e d  rcp l i i r  was ?S:TC[) 

443. Th i s  is an e x o t h e d c  aluminm/nickrl-chromi11m a l l o y  c o ~ p o s i t e .  The  a i r  

--- 
T f R-1033-7 

- 6.6 :!I FA!LEO - REPAIR \'PALLEE 

6.3 4 25 

C m . 7  -. --- 
10.1 
10.1 13 

! CENTER 
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457-2802 
PLASMA SPRAYED OXIDE REPAIRS SHOWING SPALLING TYPE FAILURE 

- .- . (Photographs 2X) Figure 10-1 

MCOONNELL DOUOLAS ASTRQNAG'IICS COMPANY - m A l T  
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atmosphere oxidat ion specimen f a i l e d  a f t e r  11 cycles ,  with a cansiderable  volume 

of columbium oxide growing beneath and l i f t i n g  of f  the  repa l r .  The p r o f i l e  exposure 

specimen had a small  oxidat ion f a i l u r e  a f t e r  10 cycles .  It  was c o n c l ~ d e d  t 4 a t  the  

FETCO 4'.3 did not  provide s u f f i c i e n t  oxidat ion r e s i s t ance .  A s e r i e s  of g lass  

b o ~ d e d  ceramics and cermets ucder the  FETCO designat ion T/S R-1097-5, TS-&-1033-2, 

anu 1;s R-1033-7 were evaluated. These ma te r i a l s  f a i l e d  i n  oxidat ion tests, both 

screening and p r o f i l e ,  a t  r e l a t i v e l y  sho r t  times but with some s c a t t e r .  One 

specimen, number 33, had a ceramic r e p a i r  of the U - 1  composition appl ied over the 

plasma deposi t .  This specimen survived twenty-five 1-hour cycles  a t  2400°F, thus 

estzb1ishir.g t h a t  t he  g l a s s  bonded ceramics and ccrmets offered i n s u f f i c i e n t  

oxidat ion protect ion.  

A series of i n t e rme ta l l i c  plasma sprayed r epa i r s  were evaluated which showed 

promise a s  r e l i a b l e  r epa i r s .  The f i r s t  i n t e r m e t a l l i c  mater ia l  evaluated was 

zirconium diboride.  The 1 atmosphere screening t e s t  coupon f a i l e d  a t  22 hours a t  

2L00°F by a small  oxidat ion spot  on the  per iphery of the r e p a i r  area.  The sample 

wnich was p r o f i l e  t e s t ed  experienced the  same condi t ions a t  10 p r o f i l e  cycles .  I n  

both cases  i t  was concluded t h a t  a s u b t l e  compat ibi l i ty  problem was present  s i nce  

t he  oxidat ion f a i l u r e s  were i n  the  overlap a r ea  of t he  R-512E coating. Figure 10-2 

shows a c ross  s ec t i on  of the  zirconium dibor ide  r e p a i r  a r ea  a f t e r  22 hours a t  

2400°F. The amount of contamination of t he  columbium s u b s t r a t e  belaw the  r e p a i r  

w a s  minimal. The porosi ty  of the  plasma sprayed coat ing appears t o  be the  g rea t e s t  

of the  t h r ee  i n t e rme ta l l i c  mater ia l s  sprayed. 

The second in t e rme ta l l i c  mater ia l  evaluated was chromlum s i l i c i d e .  Table 10-1 

summarizes the  r e s u l t s  of the  evaluat ion.  The a i r  atmosphere oxidat ion test pro- 

duced oxidat ion f a i l u r e s  wi th in  t he  r e p a i r  a r ea  a f t e r  22 hocrs a t  2400°F. Pa r t  of 

the  r e p a i r  thickness  spa l l ed  of f  by f a i l i n g  cohesively a f t e r  t h i r t e e n  1-hour 

cycles ,  reducing the  remaining coat ing thickness t o  approximately 2.5 m i l s .  The 

p r o f i l e  test specimen s i m i l a r l y  spa l l ed  a por t ion  of t h e  r e p a i r  thickness  a t  20 

cycles  and general  oxidat ion f a i l u r e s  occurred a f t e r  30 p r o f i l e  cycles  (see f i gu re  

10-3). A metallographic exar 'nat ion of t h e  a i r  atmosphere t e s t  specimen revealed 

t h a t  t h e  contamination be lo^ :-he r epa i r  was minimal, a s  shown i n  f i gu re  10-3. I t  

was concluded t h a t  a r epa i r  thickness  of 6.6 m i l s  was too t h i ck  t o  prevent cohesive 

s p a l l i n g  of t h e  e x t e r i o r  of t he  r epa i r .  Oxidation t e s t i n g  ind ica ted  t h a t  a lesser 

thickness  (approximately 4 mils)  would be s u f f i c i e n t  f o r  oxidat ion r e s i s t ance .  

The t h i r d  i n t e r m e t a l l i c  ma te r i a l  evaluated a s  a plasma sprayed r e p a i r  wcs 

molybdenum d i s i l i c i d e .  The rv a i r  passed t h e  screening oxidat ion test a t  2+00°F 
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i n  1 atmo:?here  f o r  25 hours without ox ida t ion  f a i l u r e  ( s e e  f i g u r e  10-4). The 

meta.llo!:::.phic examination showed t h a t  ve ry  l i t t l e  s u b s t r a t e  contamination had 
- -) 
, i 

occucret The p r o f i l e  tests were conducted and no o x i d a t i o n  i a i l u r c s  ar adverse  

r e a - t i o c s  were observed through 100 p r o f i l e  cycles.  The metal lographic  examination 

revealed t h a t  t h e  r e p a i r  was dense and compatible; t h e  contamination zone i n  t h e  

s u i ~ s t r a t e  was l i m i t e d  t o  about 8 m i l s ,  as shown i n  f i g u r e  10-4. I t  was concluded 

t h t t  t h e  nolybdenum d i s i l i c i d e  showed a high p o t e n t i a l  f o r  being a hiqh q u a l i t y  

pr?-.ti  c.1: r e p a i r .  Fur the r  t e s t i n g  of t h e  molybdenum d i s i l i c i d e  r e p a i r  was under- 

t ir.en ant, o t h e r  i n t e m e t a l l i c s ,  zirconium d i b o r i d e  and chromiun s i l i c i d e ,  which 

had a l o v e r  p o t e n t i a l  a s  r e p a i r s  were dropped from cons idera t ion .  

The ox ida t ion  r z s i s t a n c e  of t h e  molybdenum d i s i l i c i d e  plasma sprayed r e p s i r  

b w a s  adequately demonstrated. However, p r i o r  t o  t h e  r e p a i r  of pane l s  f o r  s t r u c t u r a l  

D evaluat!.on, i t  was l e c e s s a r y  t o  e s t a b l i s h  t h a t  t h e  plasma spray ing  d i d  n o t  cause  
- 
-4 dis to . .  t i v n  of t h e  t h i n  (10-mil) columbium s k i n s  being used. A s i n g l e  faced cor- 

ruga t rd  panel  ( a s  shown i n  f i g u r e  3-6) w i t h  t h e  R-512F fused s l u r r y  s i l i c i d e  coa t ing  

was u:.eC t o  e v a l u a t e  t n e  d i s t o r t i o n  e f f e c t s  of plasma spraying.  A series of 

de fec t  2 ,  both 118-inch and 114-inch diameter ,  were g r i t b l a s t e d  on t h e  s k i n s  a t  

l o c a t i o n s  o r e r  t h e  5-*-.ds and between t h e  welds. Molybdenum d i s i l i c i d e  was plasma 

sprayed c-er each d e f e c t ,  over lapping t h e  r e p a i r  of t h e  R-512E c o a t i n g  by approxi- - 
mately 118-Znch. A mftsk of 118-inch t h i c k  s t e e l  was employed t o  p r o t e c t  t h e  

t 
surroundi2g a r e a  from overspray and t o  a c t  a s  a h e a t  s i n k  t o  minimize t h e  h e a t  

inpu t  t o  t h e  t h i n  =kin.  This  technique proved h igh ly  s u c c e s s f u l  and t h e  panel was 

repa i red  i n  s i x  l o c a t i o n s  w i t h  no measurable d i s t o r t i o n .  Figure  10-5 shows t h i s  

panel  a f  ter ;.>lasma s, . a;r r e p a i r .  

The plasma s: rayed r e p a i r  us ing  molybdenum d i s i l i c i d e  was considered t o  be a ' * 
! .  

highly  p ~ r a c t i c a l  and e f f e c t i v e  r e p a i r  f u l l y  q u a l i f i e d  f o r  f l i g h t  s imulat ion p r o f i l e  . .. . 
: :. 

t e s t i n g  on 3 by 12-inch r i b  s t i f f e n e d  panels .  t ..'. . 

t .  



COATED COLUMBIUM 
TPS FIELD REPAIR F!NAL REPORT 

REPORT MDC €0681 
15 SEPTEMBER 1972 

1.5X 
AS REPAIRED 

1.5X 
AFTER 25 HOURS 
A T  24B0°F 

AFTER 100 REENTRY 2 X 

PROFILE CYCLES 

MOLYBDENUM DlSlLlClDE PLASMA SPRAYED REPAIRS OF R-512E OF Cb-752 

- NICKEL BACK-UP 

-bcSi2 REPAIR 

CROSS SECTION C?F !!5LYZCE?!L'!.! D!S!L!C!CE ZEP!!!!? AFTER 
100 REENTRY PROFILE CYCLES 

-R-512E COATING 

Cb-752 SUBSTRATE 

Figure 10-4 



COATED COLUMBIUM 
TPS FIELD REPAIR FINAL REPORT 

REPORT MDC €0681 
15 SEPTEMBER 1972 

PLASMA SPRAYED MOLYBDENUM DlSlLlClDE FIELD REPAIR OF CORRUGATED 
PANEL SHOWING LACK OF DISTORTION OF 10 MIL SKIN -\ , Y 

Figure 10-5 
457-3329 



COATED COl3MBIUM 
TPS FIELD REPAIR FINAL REPORT 

REPORT MDC E0681 
15 SEPTEMBER 1972 

I (' 11. FIELD REPAIR BY REAPPLICATION OF THE FUSED SLURRY SILICIDE COATING 

The fused s i u r r y  s i l i c i d e  coat ings  have demonstrated t h e  longest  and most 

r e l t a b l e  p r o t e c t i v e  l i v e s  f o r  cohmbium base a l l o y s .  I t  would, the re fore ,  follow 

t h a t  a f i e l d  r e p a i l  ~ o a t i n g ,  based upon t h e  fused s l u r r v  s i l i c i d e  coa t ing  would be 

the  longes t  l i f e  re?a i r  t h a t  cculd be  expected with t h e  cur ren t  s t a t u s  of coa t ing  

technology. The replacement c f  t h e  coa t ing  i n  a l o c a l  de fec t  a r e a  has t h e  d i s -  

advantage t h a t  i t  is no t  as easy and p r a c t i c a l  t o  acconplish i n  t h e  f i e l d  a s  othe 

types of f i e l d  repa i r s .  The main purpose of t h i s  s tudy was t o  develop a r e p a i r  

method which was simple and easy t o  a c c o ~ p l i s h  while maintaining t h e  advantage 

of long and r e l i a b l e  p r o t e c t i v e  l i f e .  

Syfvania High "Iuiperature Com~os i tes  Laboratorv conducted the  study of f i e l d  

r e p a i r s  methods f o r  rep lac ing  t h e  fused s l u r r y  s i l i c l d e  coa t ing  i n  a l o c a l  de fec t  

area.  The t e c h n i c a l  e f f o r t  was divided i n t o  two p a r t s .  I r ~ i t i a l l y ,  a new and 

p r z c t i c a l  rep  - ~ e r h o d  was developed; t h c r ,  t h e  l i m i t a t i o n s  of t h e  method and the  

a p p l i c a b i l f t y  t o  t h i n  skinned hardware were determined. 

1 BACEIGROZiND AND TECHNICAL APPROACY - The r e a p p l i c a t i o n  of i n t e r m e t a l l i c  

coat ings  under f i e l d  r e p a l r  ccndi t ions  bar been accomplished s e v e r a l  times i n  the  

C past .  The r e p a i r  of LB-2 coated =olumbium assemblies by two d i f f e r e n t  f i e l d  

r e p a i r  rrethods was accomplished on t h e  ASSET program and is described i n  reference 

7. The f i r s t  method employed t h e  induct ion hea t ing  of t h e  r e p a i r  a r e a  with t h e  

required p r a t e c t i v e  atmosphere 2rovided by cons t ruc t ing  en argon t e n t  around t h e  

?pai.r area. The second method s c c c e s s f u l l y  eaployed a ceramic r e t o r t ,  o r  s h e l l ,  

molac.. over t h e  r e p a i r  wl th  h e a t  suppl ied by a l a r g e  oxyacetylene torch.  The 

repa'r of ? fused s l u r r y  s i l i c i d e  zcated columbium heat  s h i e l d  panel by Sylvania 

is descr ibed i n  reference 'I. The method irlvolved us ing a p o r t a b l e  induct ion 

f u r ~ a c e .  A vacuum retr:rt is s e a l e d  t o  t h e  panel  t o  be  repa i red  through an O-ring 

s e a l ,  and t h e  temperature supplier! by induz t ion  heat ing.  I n  each of these  cases  

the  r e p a i r  met3od sought t o  d u p l i c a t e  t h e  process ing cond i t ions  which were employed 

i n  c r i g i n a l l y  rorming  ti:^ coa t ing  ( s e e  f i g u r e  11-lj .  

Pas !: success  i n  reapplying p r o t e c t i v e  coat ings  t o  col;mbium under f i e l d  

c o u d i t i ~ n s  c l e a r l y  demonstrated t h e  f e a s i b i l i t y  o i  t h e  general  method. Two d i s -  

advantages were obv3.ous In t h e  p a s t  e f f ~ r t s .  F i r s t ,  each of t h e  methods w a s  

specia'ized f o r  a p a r t i c u l a r  a r e a  t o  be repa i red ,  and, i n  t h e  case  of t h e  t h r e e  

examples c i t e d ,  t h e  uiethods c m i d  no t  be fnterchang2d i f  they were s t i l l  t o  

mCD0WNRL.C D O U O U I  UlLIOUAUWCI COMCANV - RAmr 
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( maintain t h e i r  e f fec t iveness .  Thus, each r e p a i r  job was unique and s p e c i a l i z e d ,  

with associa ted high costs .  A p r a c t i c a l  f i e l d  r e p a i r  method must be  a b l e  t o  cover 

a wide range of hardware loca t ions  and condi t ions  without requ i r ing  spec ia l i zed  

techniques o r  equipment. The second disadvantage was i n  approx imat :~g  t h e  t y p i c a l  

processing time at high temperature of 1 hour. C 7 e  hour, o r  even on=-half hour, 

a t  1900 t o  2500°F may b e  d i f f i c u l t  t o  maintain without overheating backup s t r u c -  

t u r e s  o r  onboard equipment. Also, t h e  maintenance of an i n e r t  atmosphere becomes 

more c r i t i c a l  and d i f f i c u l t  with increasfng processing time. To e l imina te  o r  

minimize these  disadvantages,  t h e  ob jec t  of t h e  development study was t o  minimize 

processing time and atmosphere requirements, while maintaining t h e  advantage of 

a long- l i fe  r e p a i r  a ssoc ia ted  wi th  rep lac ing  t h e  fused s l u r r y  s i l i c i d e  coat ing.  

The t e c h n i c a l  approach was t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of forming t h e  coat-  

ing  rap id ly  whi le  maintaining t h e  same coat ing s t r u c t u r e  and ox ida t ion  r e s i s t a n c e .  

A second s t e p  w a s  t o  i n v e s t i g a t e  p o t e n t i a l  hea t ing  sources which would reproduce 

t h e  rapid  process  condi t ions  i d e n t i f i e d  wi th  p r a c t i c a l  equipment. Minimum atmo- 

sphere requirements were s tud ied  t o  f u r t h e r  improve t h e  p r a c t i c a l i t y  of t h e  method. 

11.2 INITIAL DEVELOPNENT OF REPAIR METHOD - The i n i t i a l  experiment was t o  

determine i f  t h e  process ing time f o r  t h e  fused s l u r r y  s i l i c i d e  coa t ing  could be 

reduced t o  1 t o  5 minutes without s a c r i f i c i n g  t h e  p ro tec t iveness  of t h e  coating.  

Coupons of Cb-752 a l l o y  were prepared and R-512E s l u r r y  was appl ied t o  a 
2 

nominal mass of 20 mglcm . The coupons were processed i n  a B r e w  Vacuum Furnace 

i n  which the  hea t ing  and cool ing time could be minimized. Figure 11-2 shows t h e  

heat ing cycle  employed f o r  t h i s  study. The process ing temperazures inves t iga ted  

were 2600, 2700, 2800, and 2900°F, and holding times of 1 and 5 minutes were 

employed f o r  eac5 temperature condit ion.  

Each of t h e  e i g h t  processing condi t ions  was examined metal lographical ly  t o  

determine i f  t h e  coat ing was s t r u c t u r a l l y  t h e  same a s  t h a t  formed dur ing a s tandard 

processing cyc le  ( 1  hour a t  2580°F). Figures 11-3 and 11-4 show t h e  micro- 

s t r u c t u r e s  observed. The microst ructures  f o r  t h e  1-minute process ing show normal 

coat ing s t r u c t u r e s  a t  2700 and 2800°F. Incomplete reac t ion  is ind ica ted  a t  2600°F 

with excessive r e a c t i o n  and coarse  columnar s t r u c t u r e  a t  2900°F. The 5-minute 

processing specimens show a normal coat ing s t r u c t u r e  a t  2600 and 2700°F, wi th  

excess ive  reac t ion  ind ica ted  a t  2800" and 2900°F. T r i p l i c a t e  coupons were oxida- 

t i o n  t e s t e d  t o  t h e  reen t ry  time-temperature-pressure condi t ions  shown i n  f i g u r e  4-1, 

and t h e  r e s u l t s  a r e  presented i n  f i g u r e  11-5. I t  can be  seen t h a t  the  1-minute 

( - processing a t  2600, 2700 m d  2800°F produced a coat ing wi th  a c y c l i c  p r o f i l e  l i f e  
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of 200 o r  more cycles .  The 5-minute process ing gave an optimum l i f e  a t  2700°F, 

which is i n  excess of 200 r e e n t r y  p r o f i l e  cycles .  It  was concluded t h a t  process ing 

a t  2700°F would produce a coa t ing  of s a t i s f a c t o r y  q u a l i t y ,  wi th  temperature va r i a -  

t i o n s  of :0O0F not  being of s i g n i f i c a n t  concern. A p r o c e s s i ~ i g  time of 1 minute was 

shown t o  be s u f f i c i e n t ,  wi th  up t o  5 minutes being s a t i s f a c t o r y  a t  2700°F. These 

r e s u l t s  were considered very encouraging a s  t h e  p o t e n t i a l  appeared good f o r  

developing a rapid  coa t ing  r e p a i r  method w i t h  wide process ing to le rances  and broad 

MCPONNCLL O O U O U I  AS-VIIIRIC- COMHNV - T&'tlT 
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R-512E COATING 

- Cb-752- 

1 MINUTE AT 2700°F 400X 5 MINUTES AT 2700 '~  

PHOTOMICROGRAPHS O F  RAPID COATING FORMATION STUDY 
Figure 1 1  -3 

a p p l i c a b i  li: y. 

Severa l  h e a t i n g  sources  were reviewed f o r  a p p l i c a b i l i t y  t o  a  p r a c t i c a l  f i e l d  

r e p a i r  method. A focused r a d i a n t  lamp manufactured by Research Incorpora ted ,  

des ignated model number 40-85, i n  which t h e  f o c a l  p o i n t  of t h e  r a d i a n t  energy was 

118 inch below t h e  s h i e l d ,  was s e l e c t e d ,  and an argon gas  supply  was connected t o  

cool  t h e  ?amp and provide  an i n e r t  atmosphere f o r  t h e  r e p a i r  a r e a  ( s e e  f i g u r e  11-6). 

The i n i t i a l  experiments were designed t o  d e t e r n i n e  t h e  maxiinurn temperature a t t a i n -  

a b l e  wi th  t h e  lamp s p o t  h e a t e r ,  and i t s  h e a t i n g  and coo l ing  c h a r a c t e r i s t i c s .  

Instrumented coated coiumbium samples were r e a d i l y  heated t o  2900°F (lamp opera ted  

a t  150 v o l t s ) ,  and t h e  h e a t i n g  and coo l ing  r a t e s  were foul~d t o  be  more rap id  than 

those  esper ienced i n  t h e  l a b o r a t o r y  vacuum furnace .  There fo re ,  i t  was decided LU 
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1 MINUTE AT 2800°F 400X 5 MINUTES AT 2 8 0 0 ~ ~  

1 MINUTE AT 2900°F 400X 5 MINUTES AT 2900 '~  

PHOTOMICROGRAPHS O F  RPPID COATING FORMATION STUDY Figure  11 -4  

employ a  p r o c e s s i n g  co r ld i t i on  of 2  minutes st 270g°F t o  accoun t  f o r  t h e  d i f f e r e n c e  

i n  h e a t i n g  r a t e  between t h e  lamp and t h e  vacuum f u r n a c e  ( f i g u r e  11-14 shows t h e  

l a a p  i n  o p e r a t i o n ) .  

Defec t s  were produced i n  R-512E-coated Cb-752 coupons by g r i n d i n g  a  1/8-inch -- a r e a  through t h e  c o a t i n g  t o  t h e  s u b s t r a t e .  A s l u r r y  o f  20Cr-20Fe-63Si was a p p l i e d  

t o  t h e  a r e a  w i t h  an eyedropper ,  and t h e  r a d i a n t  s p o t  h e a t e r  was used t o  h e a t  t h e  

r e p a i r  a r e a  t o  2700°F f o r  2  minutes.  Examination of  t h e  r e s u l t i n g  r e p a i r  c o a t i n g  

. . m e t a l l o g r a p h i c a l l y  showed t h e  c o a t i n g  s t r u c t u r e  t o  b e  normal f o r  t h e  R-512E; 

t h e  t h i c k n e s s  was cons ide red  good (2.5 m i l s )  and no con tamina t ion  o r  o t h e r  

d e l e t e r i c a s  e f f e c t s  t o  t h e  s u b s t r a t e  were noted .  The r e p a i r  was r epea ted  sever . l i  

MCDONNELL DOUdLAS ASTRONAUr#CI COWPANV - E A 8 T  
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i .  PRODUCED IN RAPID COATING FORMATION STUDY 

- 7 - 2  
457-3330 Figure 11 -5 

times with s a t i s f a c t o r y  r e s u l t s .  A s  a f i n a l  demonstrat ion of the  f e s s i b i l i t y  of 

t h e  lamp r e p a i r  method, f ive  coupons nf R-512E-cc . ted Cb-752 were defected and 

repa i red  us ing t h e  r a d i a n t  lamp method. The coupons were r e e n t r y  profi!e t e s t e d  

p e r  t h e  time, temperature,  and preseure  cond i t ions  3f f i g u r e  4-1. The t e s t i n g  was 

:. - terminated at  110 cyc les  and no el?idence of coa t ing  f a i l u r e  was noted i n  any of the  
- - 
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Figure 11-6 

coupons. Metallographic e x a i n a t i o n s  were made of the coupons a f t e r  oxidation 

t e s t i n g ,  and the condition of the  coat ing and substrdte appcarrri normal in  every 

respect.  

11-8 
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I t  was concluded from t h i s  phase of t h e  f i e l d  r e p a i r  development p r o g r m  t h a t  
(. 

t h e  r a d i a n t  lamp method of r e p a i r  met a l l  t h e  ob jec t ives  of s i m p l i c i t y  and b r l~ad  

p r a c t i c a l i t y  a s  a means of r ep lac ing  t h e  fused s l u r r y  s i l i c i d e  coat ing.  The 

p r o p e r t i e s  of t h e  r e p a i r  r a a t i n g  have been shown t o  be  nore  than adequate. 

1 . 3  LIMITATIOSS AKD W U A R E  CONSII;ERATIO?;S ASSOCIATED WITH L W  REPAIR 

METHOD - The lamp r e p a i r  method appeared t o  have a high p o t e n t i a l  f o r  being a 

simple procedure f o r  achieving r e l i a b l e  r e p a i r  of d s f e c t  sites with  b r ~ a d  a p p l i -  
. . c a b i l i t y .  X s e r i e s  of experiments was conducted t o  i n v e s t i g a t e  the  l i p i t a t i o n s  of 

t h e  method 3rd t o  demonstrate t h a t  t y p i c a l  hardware could be s a f e l y  repa i red  under 

f i e l d  condi t ions  a s s o c i a t e t  wi th  a c  o p e r a t i o n a l  r e e n t r y  veh ic le .  

11.3.1 Process  hef inenent  - The i n i t i a l  d e v e l o p ~ e n t  e f f o r t  indicated t h a t  

c o n t r o l  of t h e  r e p a i r  coa t ing  th ickness  required considera t ion.  This was s tud ied  

from the  s t andpo in t  of the  mass of slurry appl ied  t o  the  de fec t  s i t e  and t h e  wetted 

a r e a  produced. Since i t  was very d i f f i c u l t  t o  determine t h e  th ickness  o r  u n i r  

weight of s l u r r y  t h a t  is  sprayed o r  brushed over a d e f e c t  s i t e ,  i t  was co,lsidered 

advantageous t o  be a b l e  t o  apply t h e  r e p a i r  m a t e r i a l s  a s  dry p r e f o r m  of m i f a r m  

thickness.  Preforms were prepared by pouring an a c r y l i c  base slurry- of the  R-512E 

conposi t ion on to  a s i l i c o n e  coated paper. A f t e r  a i r  drying a t  ambient temperature,  

t h e  f l e x i h l e  s h e e t  of d r i e d  R-512E s l u r r y  was rerioved r e a d i l y  f rc -  t h e  paper and 

was a b l e  t o  wi ths tand punching, si iearinq,  o r  nand s c i s s o r  c u t t i r ,  i n t o  an:; des i red  

shape. Figure 11-7 i l l u s t r a t e s  t h e  preforms c u t  froiz such a shee t .  

h s tudy was performed t o  determine t h e  e f f e c t  of  hea t ing  r a t e ,  f i n a l  tempera- 

tu re ,  and hea t ing  c y c l e  time on the  s i z e  of t h e  r 2 s u l t i n g  wetted a rea  2nd on the  

stricture cf :he r e p a i r  coat ing.  These t e s t s  :ere performsd on uncoated Cb-752 

s h a e t  coupons wi th  R-512E preforms, 1;8 by 118 by 0.025 inch i n  s k e  and having nn 
2 

average u n i t  weight of 50 mg!cm . The cyc les  inves t iga ted  a ~ d  t h e  r e s u l t s  a r e  

l i s t e d  i n  t a b l e  11-1. The process ing sequence des ignated C was judged s u p e r i o r  on 

the  bas i s  of v i s u a l  and meta l lographic  observat ions .  

I n  a cubsequeilt s e r i e s  of tests t h e  e f f c c t  of t h e  hea t ing  cyc le  on t h e  pro- 

t e c t f v e  e f f i c i e n c y  of the  r e p a i r  was s tud ied .  The Cb-752 coupons were furnace 

coared v i t h  approximately 30 mgicn2 R-512E. Defects,  11'8 by 1 / 8  inch,  were ground 

througb t h e  c a a t i n g  and i n t o  t h e  base meta l .  A 1/8  by 1.!8 by 0.025-inch t h i c k  
2 

(50 mg/cn ) R-il2E preform w a s  placed over  t h e  d e f e c t s  i n  tach of t h e  t h r e e  

specimens and f i r e d  with t h e  spo t  k e a t ~ r  under t h r e e  d i f f e r a t  s e t s  zf ccnd i r ions ,  

as  shown i n  \;able 11-2. Two of t h e  h e a t i n s  cyc les  were Sacintics1 t o  those  employed 

i n  t h e  we t t ing  s tudy  (des ignated B and C ,  i n  t a b l e  11-1) and t h e  t h i r d  was a 
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Preforms and Sheet 

Preform in Place an Defect 

457 -2867 R-512E PREFORMS CUT FROM SLIP CAST SHEET 
Figure 1 1 -7 

modification of hea t ing  cycle  C,  designated C-2. Heating cycles  C and C-2 r e su l t ed  

i n  b e t t e r  wet t ing an3 i n  general ly  c leaner  surfaces .  A l l  t h r ee  spec i reas  were 

t e s t ed  i n  t h e  1-atmosphere slow c y c l i c  t e s t .  The sample represent ing beat ing cycle  

C was removed f o r  metsllographic study a f t e r  20 cycles  and t h e  o the r  2 were t e s t ed  

f o r  31 cycles.  No defec ts  were noted i n  o r  near  the  repaired areas .  A fourth 

s p e c i ~ e n  which was defected s imi l a r ly ,  but  not  repaired,  was t e s t ed  a s  a con t ro l  

along with these  t h r ee  repaired specimens. It showed obvious s igns  of base rr.etal 

oxidat ion very e a r l y  and, a f t e r  10 cycles ,  3 t  had developed a hole  through t h e  

e n t i r e  shee t  thickness.  

Metallographic s ec t i ons  through che r e p a i r  a reas  of t h e  coupons represen t ing  
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EFFECT OF HEATING CvCt F nN W F T ~  - ----- urn' . l L n  rlNG AND STRUCTURE OF REPAIR COATING 

T a b l e  11 -2 

HEATING CYCLE 

1201431-3 

nN VE)nTKF~ l \ / e r~ccc  n r  nrn RIR 
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heating cycles C and C-2 were prepared. In  each case a wel l  formed coat ing roughly - - 
1 

equivalent t o  the  o r i g i n a l  coat ing thickness covered the e n t i r e  repaired area.  

There was a s l i g h t  buildup at the  r i m  of the  defec t ,  but by f a r  the  mcjor port ion 

of the  coat ing from the  preform went i n t o  the  defect  area.  Most of the  adjacent 

a r ea  wetted was covered by a .very chi11 l aye r  of the  r epa i r  s l u r r y  which blended 

i n t o  the  o r i g i a ~ l  coating. Microhardness t raverses  w=re made vhich indicated no 

evidence of subs t r a t e  contamination, thereby e s t ab l i sh ing  complete e f fec t iveness  
,,' of the  re+i r  procedure. 

11.3.2 Repair S ize  Capabi l i ty  - Tests  were performed t o  determine,--ihe maximum 

s i z e  a r ea  tha t  could be s a t i s f a c t o r i l y  repa i red  using the  techniqui<described 

above employing the  modified spo t  heater .  

An R-512E preform, 0.350 inch i n  diameter, weighing 100 mg, was placed i n  

the center  of a 1 by 1-inch Cb-752 uncoated coupon. The preform was then fused 

with the  spot  hea ter  using a second modificaton of t h e  heat  cycle  (C-3), which 

consisted of preheating f o r  30 seconds a t  900°F, heating t o  2500°F within 1 minute, 

continuing t o  hea t  t o  2700°F wi th in  an srdditional 15 seconds, and holding a t  

2700°F fo r  1-1/2 minutes. The specimen was sect ioned through the  center  and photo- 

micrographs showlng the  microstructure a t  the  cen te r l i ne  and a t  a r a d i i  of 1/8,  1/4 

and 3/8 inch a r e  given i n  f i gu re  11-8. 
1-1 

CENTER LINE 

457-2870 

EFFECT OF DISTANCE FROM CENTERLINE OF REPAIR ON R-512E COATING STRUCTURE 
Figure 11-8 
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A group of 10 caupons were R-512E furnace coated t o  a f i n i s h e d  coati.1; u n i t  
2 

weight o i  1 8  t c  20 m g / c ~  . These coupons were subsequently preoxidiaed i n  a i r  f o r  

one hour at  2400°F t o  s jmula te  a used, coated p i e c e  of  hardware. The coa t ing  was 

then remcved completeiy from l a r g e ,  c i r c u i a r  a r e a s  by g r i t  b l a s t i n g  with fcsed 

aluminum oxide  g r i t  a t  60 l b / i n 2  w i t h  rubber masks t o  p r c t e c t  t h e  remainder of the  

specimen. Half of t h e  group was s t r i p p e d  of  a 3/8-inch diameter a r e a  and t h e  

remaining group was s t r i p p g d  of a 1/2-inch diaineter a rea .  A xl ig?  t l y  l a r g e r  mask 

(approvioate ly  1 / 4  inch l a r g e r  than t h e  d e f e c t  diameter) was then used f u r  c l eaa ing  

the  annular a r e a  surrounding t h e  d e f e c t .  I n  t h l s  case ,  s t e e l  g r i t  was used a t  
2 

23 l b / i n  tc remove t h e  oxide f i l m  wi thout  damaging t h e  coat ing.  A 0.225-inch 

d ia , . - t e r  R-512E preform, weighing 65 mg, was placed at  t h e  c e r t e r  of each defected 

a r e a  and fused us ing t h e  C-2 heat cycle.  In every case  t n e  preforlu w e t  the  e n t i r e  

de fec t  p lus  the  cieaned annulus sarrounding t h e  de fec t .  The repa i red  specimens 

were evaluated by 1-atmosphere slow cyclic: t e s c i n b  ar.d by rsduced p ressure  r e e n t r y  

s imulat ion t e s t i n g .  The test condi t iocr  and r e s u l t s  a r e  given i n  t a b l e  11-3. 

Photographs i l l u s t r a t i n g  every important  s t e p  of de fec t ing ,  r e p a i r .  and proof 

t e s t i n g  3f these  specimens a r e  shown i n  f i g u r e  11-9. Note t h a t  no t  a s i n g l e  coat- 

i n g  f a i l u r e  occurred i n  t h e  repa i red  a r e a  of any of t h e  10 s p e c i m e ~ s .  Pkotomicro- 

graphs of t h e  repa i red  coat ings  a f t e r  t e s t i n g ,  shown i n  f i g u r e s  l i - I 0  and 11-11, 

a r e  genera l ly  t y p i c a l  of R-512E coa t ings  t h a t  have been s i m i l a r l y  exposed. I t  was 

Table 11-3 

PROOF TEST RESUI-TS OF LARGE AREA DEFECT REPAIRED SPECIMENS 
I 

DEFECT 
1ATMSLOW I SIMULATED 

SPECIMEN EXTERNAL PRESSURE ' 
NO. lDlA IN.) 

REENTRY PRO FILE 
(NO. 40 MIN CYC! (NO. 40 MIN CYC) 

12001b-384 I .Q 114' 
-1 0 l:? 114* 
-1 1 1:Q 114* 
-1 2 1 ./2 36' 
-13 I:? 36* - 
-1 4 114* 
-1 s 3;'a 114** 
-1 6 3.5 36) 114' 
-1 7 3A 36'"' - 

*TOP EDGE FAILURE 
457 -286 1 **TEST STOPPED - NO COATING FAILURE NOTED 
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1 '2 INCH DEFECT SPECIMENS 

- - 
AFTER DEFECTING 

REMOVAL OF OXIDES SURROUNDING THE DEFECT 

HEPAIR OF DEFECT 

AFTER uXIDATION TESTING 

RESULTS OF REPAIRING 318 AND 112 INCH DEFECT AREAS 

11-14 

Figure 1 1  -9 
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1201437-10 114 REDUCED PRESSURE PROFILE CYCLES 

1201437-13 36 AIR SLOW CYCLES 200X 

PHOTOMICROGRAPHS OF 1/2 INCH DIAMETER DEFECT SPECIMENS 
457-2872 AFTER REPAIR AhD TEST Figure 11 - 10 

concluded t h a t  d e f e c t s  up t o  112 inch  i n  diameter  could b e  s a t i s f a c t o r i l y  repa i red  

us ing t h e  r a d i a n t  s p o t  h e a t e r .  

11.3.3 Repair . b i l i t y  Of Contaminated Defects  - Since  d e f e c t s  may occur o r  

mani fes t  themselves i n  f l i g h t  and r e s u l t  i n  contamination of t h e  underly.lng sub- 

s t r a t e ,  i t  is necessary  t o  demonstrate t h a t  t h e  re@r technique can be  app l ied  t o  

such d e f e c t  sites. Two R-512E-coated Cb-752 defec ted  coupons were exposed i n  an  

air furnace f o r  15 micutes a t  2400°F, r e s u l t i n g  i n  t h e  f o r n a t i o n  of a ye l lowish  

columbium oxide over  t h e  e n t i r e  de fec ted  a r e a s .  Th i s  t rea tment  a l s o  undoubtedly 

r e s u l t e d  i n  contamination o f  t h e  columbium a l l o y  s u b s t r a t e  by t h e  s o l u t i o n  of 

oxygen i n  t h e  s u b s t r a t e .  01.e of t h e s e  specimens w a s  then remasked t o  a l low ;rit 

b l a s t i n g  of t h e  oxidized and contaminated a r e a  and a small annulus ad jacen t  t o  t h e  

d e f e c t .  Th i s  was done wi th  steel g r i t  a t  20 l b / i n 2  i n  o rder  t o  permit  removal 

cf any a d d i t i o n a l  metal i n  t h e  d e f e c t  area o r  c o a t i n g  i n  t h e  surrounding a rea .  

MCDONIVELL DOUOLAS ASTIPONAU'IICS COMPANV - E A I I  .- ' - 
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1201437-18 36 AIR SLOW CYCLES 
2oox 

I 

PHOTOMICROGRAPHS OF 3!8 INCH DIAMETER DEFECT SPECIMENS 
I AFTER REPAIR AND TEST 457-2073 Figure 1 1  - 11 I I 

T h i s  specimen was then  repa i red  us ing  an R-512E perform and t h e  C-2 h e a t  cycle .  

Both specimens were then  exposed t o  9 atmospheric p r e s s u r e  slow c y c l e s .  The 

repa i red  specimen evidenced no s i g n  of s u b s t r a t e  o x i d a t i o n  a s  a r e s u l t  of t h i s  

exposure. The unrepaired c o n t r o l  specimen c o n t i ~ ~ a e d  t o  ox id ize ,  r e s u l t i n g  i n  a 

114-inch diameter  ho le  through t h e  s h e e t .  Metal lographic  examination of t h e  

r e p a i r e d  coupon revealed a normal r e p a i r  c o a t i n g  th ickness  and s t r u c t u r e .  

11.3.4 R e p a i r a b i l i t y  Of Hole-Type Defects  - An experiment was performed t o  

e v a l u a t e  t h e  a p p l i c a b i l i t y  of t h e  developed r e p a i r  methods t o  hole-type d e f e c t s  

and, i f  necessary ,  t o  modify t h e s e  techniques s o  t h a t  t h e  lamp method could be 
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used s a t i s f a c t o r i l y .  The r e p a i r s  were t o  be accomplishc 4 by recoa t ing  hole  edges 

o r  by some combination of patching and recoat ing.  It was a l s o  required t h a t  t h e  

technique be app l icab le  t o  t h e  r e p a i r  of hole  d e f e c t s  i n  t h e  s k i n s  of t y p i c a l  

panels. 

The experimental  specimens were 1. by 1 by 0.016-inch Cb-752 coupons coated 

with R-512E, preoxidized f o r  1 hour a t  2400°F, a f t e r  a 118-inch diameter ho le  was 

d r i l l e d  through t h e  center .  The f i r s t  experiment consis ted of g r i t  b l a s t i n g  ( s t e e l  
2 g r i t  a t  20 l b / i n  ) a 0.350-inch c i r c u l a r  a r e a  centered over t h e  d r i l l e d  hole ,  

p lacing a 0.350-inch diameter R-512E preform over t h i s  cleaned a r e a ,  and f i r i n g  

t h e  preform through t h e  C-2 h e a t  cycle.  The specimen was supported by two 118- 

inch diameter ceramic rails dur ing a p p l i c a t i o n  of t h e  hea t  cycle.  The coat ing wet 

t h e  cleaned a r e a  on t h e  face  s i d e ,  but  d i d  n o t  wet t h e  opposi te  s i d e .  The specimen 

was t e s t e d  i n  t h e  atmospheric slow c y c l i c  t e s t  and showed s u b s t r a t e  oxidat ion ac 

t h e  hole  de fec t  a f t e r  t h e  f i r s t  cycle.  This experiment was repeated wi th  two 

changes: a washer preform was used i n  p lace  of a s o l i d  d i s c ,  and t h e  hot  spo t  

placed off  c e n t e r  r a t h e r  than over t h e  hole.  Resul ts  were i d e n t i c a l .  

I n  t h e  next  experiment a washer-type R-512E preform w a s  placed over t h e  g r i t  

b l a s t e d  ho le  area .  Th is  assembly was then sandwiched between two pieces  of R-512E 

coated Cb-752 of which t h e  bottom p iece  had been preoxidized.  This  whole assembly, 

sketched i n  f i g u r e  11-12, was then f i r e d  through heat  c y c l e  C-2. Af te r  f i r i n g ,  

both t h e  top and bottom coated Cb-752 s h e e t s  r e a d i l y  par ted.  The coat ing appeared 

t o  have completely wet t h e  cleaned a r e a  on t h e  f r o n t  face ,  t h e  c u t  hole  edge, 

and some of t h e  backface ad jacen t  t o  t h e  ho le  edge. This specimen was slow cyc le  

t e s t e d  i n  a i r  f o r  14 s tandard  test cyc1.e~ w i t h  no evidence of s u b s t r a t e  oxidat ion.  

Photodcrographs  of s e c t i o n s  through t h e  repa i red  ho le  edge a f t e r  oxidat ion t e s t i n g  

a r e  included i n  f i g u r e  11-12. Apparently t h e  bottom shee t  serves  t o  form a faying 

sur face  which he lps  t o  draw t h e  fused coatfng mate r ia l s  around and ov-r t h e  hole  

edge by cap2 l la ry  a c t i o n  and hold i t  t h e r e  long enough f o r  i t  t o  r e a c t  with t h e  

base edge and wi th  t h e  oxidized back s u r f a c e  which i t  normally would no t  wet. The 

top s h e e t  a c t s  a s  a h e a t  t r a n s f e r  agent ,  cap tu r ing  t h e  most i n t e n s i v e  heat  f l u x  

over t h e  hole  which would otherwise be  l o s t  and t r a n s f e r r i n g  i t  t o  t h e  preform 

and sample by conduction and re rad ia t ion .  

E f f o r t s  then were d i r e c t e d  t o  adapt ing t h i s  procedure t o  make i t  app l icab le  

t o  t y p i c a l  panel  co1:figurations. Obviously, i n  many panel  des igns ,  one cannot 

r e a d i l y  p o s i t i o n  a backrip s h e e t  under a h o l e  de fec t .  The f i r s t  at tempt a t  r e p a i r -  

i n g  a ho le  i n  a simulated ;lane1 face  s h e e t  was performed by p lac ing  a defected 
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( specimen across  t h e  open end of a smal l  fo lded columbium box, p lac ing  a washer- 

type R-512E preform around t h e  d e f e c t ,  covering t h e  a r e a  wi th  a smalL coated 

Cb-752 coupon, and f i r i n g  t h i s  assembly through hea t  c y c l e  C-2. The c o s t i n g  d i d  

not  wet the  hole edge o r  t h e  back s i d e  su r faces  adjacent  t o  the  d e f e c t ,  and t h e  

specimen showed s u b s t r a t e  ox ida t ion  a l l  around t h e  ho le  a f t e r  one slow a i r  cycle .  

Obviously, the  absence of t h e  backing shee t  was c r u c i a l .  

I n  t h e  next experiment a smal l ,  uncoated columbium plug was pressed i n t o  the  

hole ,  t h e  R-512E preform was put  i n  p lace  and subjected t o  the  C-2 hea t  cyc le  with 

t h e  s p o t  hea te r .  A f t e r  f i r i n g ,  i t  appeared t h a t  t h e  e n t i r e  cleaned a r e a  of t h e  

face  s i d e  and a l l  t h e  plug s u r f a c e s ,  top and bottom, were wetted and coated,  and 

t h a t  the  plug had been brazed i n t o  t h e  hole.  The specimen was exposed t o  two a i r  

slow cyc les  (with no evidence of s u b s t r a t e  oxidat ion)  acd subsequently was 

sect ioned f o r  meta l lographic  examination. Figure  11-13 shows t h e  r e p a i r  appara tus  

schemat ica l ly  and includes  photomicrographs through t h e  patch repai red nole.  The 

ho le  edges were p ro tec ted  by coa t ing  and t h e  plug was w e l l  coated.  Again, t h i s  

was a r e s u l t  of c a p i l l a r y  a c t i o n  i n  t h e  c r e v i c e  between t h e  plug and t h e  ho le  edge, 

drawing t h e  coa t ing  down over  t h e  edge where t h e  ccrmal good we t t ing  p r o p e r t i e s  of 

i' t h e  fused s i l i c i d e s  on uncoated columbium r e s u l t e d  i n  complete coa t ing  of t h e  plug. 

11.3.5 Evaluation O f  Pane l  D i s t o r t i o n  - A smal l  7 by 7-inch R-512E coated 

s i n g l e  faced,  vee-corrugated panel  f a b r i c a t e d  from 0.012-inch Cb-752 w a s  defected 

and repa i red  us ing t h e  techniques descr ibed above. The oh jec t  was t o  eva lua te  t h e  

a b i l i t y  of these  techniques t o  accomplish r e p a i r s  i n  t y p i c a l  hardware, and t o  

determine t h e  e x t e n t  of panel  d i .e tor t ion caused by t h i s  procedure. 

The panel  zas  defected by gr inding through t h e  coat'ng approximately 3 mils 

i n t o  the  s u b s t r a t e .  An R-512E preform 1.-7s placed over t h e  d e f e c t  and t h e  s tandard 

C-2 hea t  cyc le  was appl ied  wi th  t h e  s p o t  h e a t e r .  Thts procedure is i l l u s t r h t e d  

i n  f i g u r e  11-14. Dial guage readings  were taken a t  numerous p o i n t s  on the  panel  

f ace  before  and a f t e r  t h e  r e p a i r  procedure, wi th  t h e  panei  unres t ra ined  ( l i g h t l y  

taped t o  s u r f a c e  p l a t e ) .  Three s e p a r a t e  r e p a i r  cyc les  were performed. The f i r s t  

r e p a i r  caused an average depress ion between t h e  welds of 5 m i l s  wi th  a maximum 

displacement of 1 3  m i l s .  The second r e p a i r  at tempt produced s i m i l a r ,  but  s l i g h t l y  

l e s s ,  d i s t o r t i o n .  During t 5 e  t h i r d  r e p a i r  sequence, an average inward displacement 

of 7 mils occurred with a maximum d i s t o r t i o n  being 30 m i l s .  I n  most cases  t h e  

displacement was below t h e  plane  of t h r  s k i n  between t h e  corrugat ions .  

Repairs 1, 2 ,  and 3 t o  t h e  corrugated panel  d i d  not  w e t  a s  w e l l  a s  previous  
4 

3b r e p a i r s  nerf  ormed on specimens us ing the  same parameters,  probably because of t h e  

MCDONIYILL DOUOUI  AbmUALII1CS COMMNV - l A I T  
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l o s s  of hear  from t h e  r e p a i r  s i te  t o  t h e  pane l  and i n t o  t h e  meta l  s u r f a c e  p l a t e .  p.. 

Another r e ? a i r  was made t h e  same way, except  t h a t  a  s h e e t  of S i l f r a x  i n s u l a t i o n  

was placed between t h e  pane l  and t h e  s u r f a c e  p l a t e  and t h e  s p o t  h e a t e r  was lowered 

s o  t h a t  its housing con tac ted  t h e  panel .  The r e p a i r  produced by t h i s  modified 

procedure wet an a r e a  e s s e n t i a l l y  e q u i v a l e n t  t o  t h a t  p r ~ d u c e d  on specimens i n  t h e  

e a r l i e r  work. 9b.sloclsly, i n  p r a c t i c e ,  some minor v a r i a t i o n s  i n  procedure and ir. 

process ing pa rane tezs  w i l l  have t o  b e  made t o  account f o r  v a r i a t i o n s  i n  p a n e l  r f z e  
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and c o n s t r u c t i o n ,  s u r f a c e  c o n d i t i o n s ,  l o c a t i o n  of d e f e c t  and s i z e  of d e f e c t .  

Another 7 by 7-inch s i n g l e  faced,  corrugated pane l  f a b r i c a t e d  of C-129Y a l l o y  

and coated by VAC-l!PD with  t h e  VH-109 process  was s i m i l a r l y  de fec ted ,  r e p a i r e d  and 

- subsequent ly  eva lua ted  f o r  e f f e c t i v e a e a s  of r e p a i r  and f o r  t h e  e x t e n t  of d i s t o r t i o n  

caused by the  r e p a i r  procedure. Two s i t e s  were de fec ted  by g r ind ing  through t h e  

c o a t i n g  i n t o  t h e  s u b s t r a t e .  Sur face  h e i g h t  measurements were taken a long a  l i n e  

p a r a l l t  1 zo and 1 inch from t h e  r e ? a i r  l i n e  wi th  t h e  p.-fie1 l y i n g  ~ ~ n r e s t r a i n e d  on 

a  s u r f a c e  p i a t e .  The d i s t o r t i o n  which occurred was s i m i l a r  t 3  t h a L  noted f o r  t h e  

R-512E coated Cb-752 r a n e l .  The d i s t o r t i o n s  were g e n e r a l l y  down o r  inward c l o s e  
1 -  4 

t o  the  r e p a i r  s i t e s  because t h e  t e s t  pane l  f ace  s h e e t s  were genera l ly  d inp led  down- 
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ward betveen t h e  s t i f f e n e r s .  A few i s o l a t e d  sites on each panel  were fo*~nd i n  3 - 
which t h e  face  shee t s  were bowed upward 2nd, when simulated r e p a i r  runs were made 

a t  these  loca t ions ,  t h e  d i s t o r t i o n  i n  each case  was upward. Both repa i red  ; by 7- 

inch panels wern given a 1-hour, 2400°F, 1-atmosphere a i r  proof t e s t  a f t e r  repaLr. 

The de fec t  sites a l l  appeared t o  b e  f u l l y  protected by t h e  r e p a i r  procedures 

developed i n  t h i s  program. 

While the  eva lua t ion  of p o t e n t i a l  s k i n  d i s t o r t i o n  was only q u a l i t a t i v e ,  the  

r e s u l t s  i n d i c a t e  t h a t  poss ib le  d i s t o r t i o n  could occur and wculd have t o  be con- 

s ide red  i n  a c t u a l  f i e l d  r e p a i r  app l i ca t ions .  It is be l i eved  t h a t  d i s t o r t i o n  would 

not  be  a p roh ib i t ive  f a c t o r  i n  most cases .  

11.4 OBSEWATTONS AND CONCLUSIONS - F i e l d  r e ? a i r  achieved by r e p l a c i n g  t h e  

fused s l u r r y  s i l i c i d e  I n  a d e f e c t  a r e a  emplopixg t h e  focused rad ian t  lanp s p o t  

hea te r  is considered a success fu l  method ready f o r  s t r u c t u r a l  t e s t i n g .  The r e p a i r  

method meets t h e  o r i g i n a l  requirements of a simple and r e l i a b l e  f i e i a  r e p a i r  

procedure. The equipment required is very  inexpensive,  t h e  r e p a i r s  s r e  acconplished 

quickly  without s p e c i a l  atmosphere o r  s e a l s ,  and t h e  r e p a i r  l i v e s  a r e  we l l  i n  

excess of  130 cyc les  under r e e n t r y  candi t ions .  
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12. FLIGHT S L U T I O N  TESTING OF FIELD REPAIRS 

I 

A major ob jec t ive  of t h i s  program was t o  develop r e i i a b l e  r e p a i r  methods and 

procedures which a r e  easy t o  accomplish i n  t he  f i e l d .  Es tab l i sh ing  the  perfor- 

mance and r e l i a b i l i t y  of t he  r epa i r s  requires  an evaluat ion procedure which 

r e a l i s t i c a l l y  imposes the  opera t iona l  a ~ d  environmental parameters which the  f i e l d  

r epa i r s  w i l l  experience i n  se rv ice .  The test condi t ions defined i n  Task I (as  

rcported i n  s ec t i on  4) included boost acous t i c  loading, boost  and landing s t a t i c  

loads,  and simultaneously inposed reen t ry  parameters of tenperature ,  a i r  pressure,  
I 

. !  

and stress a s  a funct ion of t i m e .  Each is an important parameter i n  evaluat ing I 
t h e  combined e f f e c t s  of predicted se rv ice .  The evaluat ion used a panel of t yp i ca l  

1 
I i 

! 
hardware design, r i b  s t i f f e n e d  and of a realis t i c  s i z e ,  3 by 12 inches. Since t he  

. I 

I main fun=tion of t h e  f i e l d  r epa i r s  is  t o  p ro t ec t  t h e  columbium panels from oxida- - 
% t i o n  s o  t h a t  t h e  lond bearing proper t ies  can be maintained, t h e  proper c r i t e r i o n  \ -  i f o r  evaluat ing repaired panel performance i s  the  a b i l i t y  t o  car ry  design loads 

!. 

1 '  under s imulp te i  f l j g h t  conditlo2s.  The purpose of t he  evaluat ion was t o  demon- 

s t r a t e  t ha t  t he  f i e l d  r epa i r s  developed would adequately p ro t ec t  columbium hea t  I i 
s h i e l d  panels  and maintain s t r u c t u r a l  i n t e g r i t y  under simulated f l i g h t  conditions.  

.; ( 
The r epa i r s  w*.~ch demonstrated t h i s  func t iona l  p ro tec t ion  f o r  more uhan 100 

missions were put on fu l l - s i ze  (20 by 20-inch) r i b  s t i f f e n e d  panels f o r  eva lua t ion  

by NASA-HSFC. 

Two groups of r i b  s t i f f e n e d  panels  with f i e l d  r e p a i r s  on t h e  ex t e rna l  s k i n  

were t e s t e d  under simulated f l i g h t  condi t ions.  The f i r s t  group of panels was used 

I i t o  evaluate  ceramic ana s i l i c i d e  cos t ing  replacement f i e l d  r e p a i r  methods a t  a 

midpoint i n  t h e i r  development. Although the  f i e l d  r epa i r s  general ly  performed 

3 w e l l ,  t h e  panels d id  no t  perform te expectat ions.  A second set of r i b  s t i f f e n e d  

I ' parrels was fabr ica ted  and coated t o  improve t h e  panel performance and thus ~ a k e  
I 

poss ib le  b e t t e r  evaluat ion of t h e  r e p a i r  coatings.  The f i n a l  r epa i r  developments, 

including ceramic compositions, t h e  lamp r e p a i r  method and t h e  plasma sprayed 

r epa i r s ,  were t e s t e d  on the  second set of panels.  

12.1 REENTRY PROFILE TESTING PROCEDURE - The evaluat ion of t h e  f i e l d  r e p a i r  

I coated panels was accomplished i n  the  apparatus i l l u s t r a t e d  i n  f i gu re  12-1. 

I A 7-inch diameter Astro Furnace was modified t o  provide f o r  a vacuum sea l ed  load- - - 
I- - -  

-- 
ing  rod t o  pass  through t h e  boctom of the  fu r r .3~~ .  l n e  tour-point loading f i x t u r e  

(described i n  s e c t i o n  6: was at tached t o  an e l e c t r i c  d r ive  motor through a s t r a i n  --- 
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Figure 12-1 

- -.) 
l i n k  which w a s  a u t o n a t i c a l l y  c~7r : t ro l l e J  t o  foilox ;\ p r e d e t e r n i a e d  bending  stress 

p r o f i l e .  A i r  p r e s s u r e  an2 tecp~;-::tire Icere autoo; ; t i ia l l ; :  rrccordcd 3r.d c o n t r o l l e d  

t o  f o l l o w  t h e c r  respective p r c i i l e s  . 
The t e s t  c o n d i t i o n s  ec?io>-eu uerc to bc. t i l t 3  sayc .IS t 3 o s e  exployed  :.-ith t h e  

1 by &-inch p a n e l s  t e s t e d  i n  Task Z L \ <  t h e  p r s s r a -  ::I?(; r c p c r t e d  i n  ~ t . ~ - t i o n  6. 

S ince  i t  was ioxnd t!lat t h e  l a r g e r  X s t r c  Furnace could  no t  bc ;- ,oled i s  quickl:; 

zs t h e  s n a l i  f u rnace ,  a  1-hour c y c l e  was se lec ted  to r c p l h c t  ii1c o r i g i n a l  A5- 

minute  c y c l e .  The saine tize and t c n ? e r s i u r c  r c . l r ~ t i ~ ? n s ! l i ? s  ~ - t ? r ~  !raf n t a i n e d  botween 

t h e  two p r o f i l e s .  The t o t 3 1  t i r i c  above 'O@03F w a s  1 0 0  secl:nds, clSilr-c 231)0°F was 

780 seconds ,  aild a t  3&00°F vas 300 ; e c ~ ~ n C s .  The c i i i i e r e n c e  betwzen t h ?  p r o f i l e s  

o c c u r r e d  i n  t h e  c o o l i n g  t i z e  b e l c u  2000°F. T h e  Ir?rsc iurnclct! c o o l e d  t .1 a p p r o s i -  
- -- 

c a t e l y  llOO°F a t  t n e  end of  t h e  i -hcur  i \ - c 1 ? .  T h e  a s c e n t  :c:nd o :  :; p i r c e n t  of - -  
room t em?era tu re  r i b  t e n s i L e  u l t i z a i e  y i e l d  l oad  was a p p l i e d  b e f c r e  cac.7 a e r i e s  

of r e e n t r y  ~ r o f i l e  c y c l e s .  T h i s  fun~ti1:nt.u a s  n proo f  !cad to dctel7ninc :,+e<i;:r 

. . 
t n s  p r e v i o u s  c y c i e  had i ~ p a i r c u  t h c  loclci b e a r i n g  ,-spahi 1 i t i c s .  'The s t r e s s  p r o f i l e  

w a s  espanded t o  .I 1-hour c y c l e  by ccployin l :  t h e  s x c  t e c p e r a t u r c  1s t r c s s  r e l a t i o n -  

s h i p  used  i n  thil o r i g i i ~ a l  t e s t  p r o f i i t . .  Tilt. a i r  p r e s s u r e  p r c i i l e ,  incrtxased f r c r  

MC60NNELL POUGLAS ASTUONAUIlCS COMPANV - E A I T  
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10 t o  3C t o r r  dur ing  t h e  1-hour cycle .  The combined p r o f i l e s  a r e  shown i n  

f i g u r e  12- 2. A f t e r  each s e r i e s  of r e e n t r y  p r o f i l e  cycles ,  the  panel  was sub jec ted  

to  an a c c u s t i c  loading.  

REENTRY PROFILE TIME - SEC x 10? 

REENTRY PROFILE TEST CONDITIONS 
Figure 12-2 

12.2 BOOST ACOUSTIC TESYING PROCEDURE - The genera l  procedure used f o r  the 

f i r s t  g r u q  of panel  specimezs was t o  determine t h e  frequency and dec ibe l  l e v e l  
3 

required t o  pro2:lce 4000 l b / i n -  ( m s ) .  S t r e s s  l e v e l  s e l e c t i o n  was Lased upon t h e  

r e s u l t s  obta ined i n  t e s t i n g  t h e  1 by 4-inch panels  descr ibed i n  s e c t i o n  6. The 
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1 by 4-inch r i b  s t i f f e n e d  panel  specimens which were acous t i c  f a t i g u e  t eb ted  ind i -  
.. . ) 

cated t h a t  t h e  ranrrorc loading f a t i g u e  l i m i t  f o r  t h e  colmbium s u b s t r a t e  vas 
2 

10,000 l b i i n  (rms) for 800,000 cycles.  The r i b  was t h e  c r i t i c a l  menber i n  t h e  

r i b  s t i f f e n e d  pafie1 design,  wi th  t h e  r i b  s t r e s s  being 2.5 times higher  t l  an t h e  
7 

s k i n  s t r e s s .  -:he 4,000 lb;inL (ws) s k i n  s t r e s s  corresponds t o  the  10,0( 0 l b / i n  
2 

(rms) l i m i t  s t r e s s  of t h e  r i b s .  Af ter t h e  frequency and d e c i b e l ,  l e v e l  n tcessary  
2 

t o  achieve 4,030 l b l i n  ( m s )  s k i n  s t r e s s  were e s t a b l i s h e d ,  each of t h e  ? e p a i r  

coated panels was evaluated a t  the  same condi t ions  f o r  28.6 seconds f o r  t ach 

p r o f i l e  cycle ,  the  t i n e  corresponding t o  800,000 cyc les  f o r  100 Fanel prc file 

exposures. 

The c a l i b r a t i o n  was accorcplished us ing a Cb-752 3 by 12-inch r i b  st: ffened 

panel i d e n t i c a l  t o  t h e  panels  which were p r o f i l e  t e s t e d ,  except t h a t  t h e  ca l ib ra -  
D 

t i o n  pans1 d id  not conta in  t h e  :+air ccaeings.  The panel  specimen was Tnstru- - 
! - mented v i t n  a s t r a i n  gage (3-element 45-degree s t r a i n  r o s e t t e )  i n  t h e  ce:!ter of 

t h e  load a rea .  X s p e c i a l  a c o u s t i c  f i x t u r e  was fabr ica ted  t o  support  t h e  panels  i n  

a simple supported conf igurat ion.  Tke f i x t u r e  cons i s ted  of two V-shaped clamps 

mounted on e a c t  2nd of a s t e e l  p l a t e .  The panel  was i n s t a l l e d  wi th in  t h c  clamps 

of the  f i x t u r e  t o  ob ta in  a pin-ended clamp condi t ion on each end of t h e  :bar.el. 
-. ) 

Machined aluminm blocks were posi t ioned i n  each end of t h e  panel  betweer1 t h e  load 

pads and t h e  s k i n  t o  prevent t h e  panel  webs from buckling when a preload was 

appl ied t o  t h e  panel by t b e  clamp assemblies.  A double-walled t e s t  chamber of 
2 

1 f t  cross-sect ional  area was posi t ioned i n  f r o n t  of an a c o u s t i c  horn. The panel 

and f i x t u r o  assembly w a s  then i n s t a l l e d  i n  t h e  test chamber. A bcx const ructed of 

wood and f i l l e d  with acous t i c  i n s u l a t i o n  was attached over t h e  back of t h e  panel 

t o  reduce t h e  sound pressure  i n c i d e n t  upon t h e  backside of t h e  panei.  Pl~otographs 

of t h e  panel and a c o u s t i c  f i x t u r e  assembly are presented as f i g u r e s  12-3 and 12-4. 

The c a l i b r a t i o n  panel was i n i t i a l l y  exc i t ed  s i n u s o i d a l l y  from 50 t o  500 Hz 

a t  an input  a c o u s t l c  l e v e l  of 161  db. Sinuaoidal  e x c i t a t i o n  was used t o  i d e a t i f y  

i 
t h e  panel ' s  predominant bending f requencies .  The outputs  of t h e  s t r a i n  r o s e t t e  

i 

c and microphone were recorded on FM magnetic tape.  The frequency response p l o t s  
1 

were obtained by us ing a l o g  r a t i o  computer which p l o t t e d  t h e  r a t i o  of t h e  

recorded response s t r a i n  amplitude t o  t h e  recorded i n p u t  p ressure  amplitude as  a 

funct ion of frequency. The s i g n a l s  were f i l t e r e d  us ing a dual-channel t r ack ing  ... 
. -  - 

f i l t e r  employing 5 Hz bandwidth f i l t e r s  b ~ f o r e  ob ta in ing  t h e  r a t i o .  The e x c i t e r /  

acous t i c  system was f u l l y  a t t enua ted  below 50 Hz and above 500 Hz due t o  t h e  - 
It 

12-4 / rn 

4 I W C ~ ~ V R U  mamum - CO~YN- - m a m r  
\ 
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\ cha rac t e r i s t i c s  of the system. The acous t ic  l e v e l  on t he  ca l i b r a t i on  panel was 

increased u n t i l  the  rms stress leve l ,  determined from t h e  output of t h e  s t r a i n  
2 gage, measured 4000 lb / i n  (rms). An acoust ic  l eve l  of 167 db was required t o  

2 obtain 4000 l b / i n  (nns). A l l  subsequent panels were subjected t o  the same random 

acous t ic  environment a s  used f o r  t he  ca l i b r a t i on  panel. The repa i r  coated r i b  

s t i f f ened  panels were a l t e rna t e ly  t e s t ed  thermally and acousticaLly a f t e r  every 

10 cycles u n t i l  s t r u c t u r a l  f a i l u r e  on the  panel occurred. 

The t e s t i n g  of the second group of r i b  s t i f f ened  panels w a s  conducted i n  a 

s imi l a r  manner t o  t ha t  of the  f i r s t  group with a few exceptions. The pin-ended 

support was changed t o  a f l oa t i ng  support t o  e l iminate  t he  pos s ib i l i t y  of l o c a l  

darnage t o  t he  coat ing by repeated preload i n  t he  clamp area.  This  change i n  sup- 

por t  required a reca l ibra t ion  whi& was conducted a s  described above. The second 
2 

change involved the t e s t  s t r e s s  l e v e l  which establ ished a t  3,080-lb/in random 
% .  2 mean sk in  stress. The o r ig ina l  4,000-lb/in rms was se lec ted  because It was 

determined t o  be  t he  r i b  f a i l i n g  l i m i t  a t  800,000 cycles. The evaluation of the  

f i r s t  group of panels and other  r e l a t ed  t e s t i ng  (reference 10) confirmed t h i s  

.?- 
2 

. . (4,000 l b / i n  rms) a s  the  l i m i t  stress. Therefore, a l e v e l  of 77 percent of the  -. " establ ished l i m i t  s t r e s s  was se lec ted  a s  a r e a l i s t i c  t e s t i n g  l eve l .  The acoaat ic  

. . 
exposure was conducted a f t e r  each series of 22 p r o f i l e  cycles f o r  a time of 660 

i' seconds. The number of p r o f i l e  cycles per  series was i n c r e ~ s e d  from 10 t o  22 
. . cycles t o  accommodate 3-shift  t es t ing .  

12.3 PANEL EVALUATION - GROUP 1 - The f i r s t  group of 3 by 12--inch r i b  

s t i f f ened  panel specimens was fabricated and coated per s ec t i on  3.3. The t e s t i ng  

was conducted midway i n  the  development of t he  f i e l d  r epa i r s  and represgnts 

preliminary r e su l t s .  The s t r u c t u r a l  performance of t he  panels prohibited a f u l l  

evaluat ion of the r epa i r s  which necessi ta ted making the  second group of r i b  

s t i f f ened  panel specimens. 

12.3.1 Panel Specimen Preparation - Pr io r  t o  applying the  f i e l d  r epa i r  

coatings t o  be evaluated, standard defects  were g r i t b l a s t ed  through the  fused 

s l u r r y  s i l i c i d e  coating on t h e  panel skins.  Gr i t b l a s t i ng  was se lec ted  as  t he  

method of defecting because the  s i z e ,  shape, and depth of t h e  defec ts  could be 
2 accurately reproduced. A suction-type g r i t b l a s t e r  was used a t  40 l b / i n  a i r  

pressure with 220 mesh fused aluminum oxide. A template with a 1 /8  o r  1/4-inch 

diameter hole  was employed. The change of color  between t h e  coating and subs t r a t e  

was used t o  determine when a l l  of t he  coat ing had been removed. Figure 12-5 shows .- 

.. i t he  defect  pa t te rn  selected.  Two defect  loca t ions  were used f o r  each r epa i r ,  one 
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Figure 12 - 5  

d i r e c t l y  over a r i b  and a second halfway between two r i b s .  Taale  12-1 presents  

t h e  type, s i z e ,  and l o c e t i o n  of t h e  r e p a i r  coat ings  evaluated.  

Each of t h e  four  panels  had two 1/8-inch diameter d e f e c t s  g r i t b l a s t e d  a t  

l o c a t i o n s  d and e. The panels  were then s e n t  t o  Syivania f o r  r e p a i r  coa t ing ,  

employing t h e  method of rep lac ing  t h e  fused s l u r r y  s i l i c i d e  coat ing with t h e  

focused r a d i a n t  lamp. At t h i s  p o i n t ,  Sylvania  was only halfway through t h e  devel- 

opment e f f o r t  f o r  t h i s  method. However, t h e  method had proved s a t i s f a c t o r y  on 

coupon specimens, and t y p i c a l  hardware experience and t e s t  d a t a  would be valuable  

i n  guiding f u r t h e r  development. Also, a second set of 3 by 12-inch r i b  , t i f f e n e d  

panels  would b e  t e s t e d  a t  a later date .  Sylvania employed t h e  generzl  procedure 

Iesc r ibed  i n  s e c t i o n  11.2. One drop of R-512E s l u r r y  was placed on t h e  c!efect 

a rea ,  which vas  then heated t o  2700°F and he ld  f o r  2 minutes. The th ickness  of 

t h e  r e p a i r  a r e a s  was bel ieved t o  be  marginal ,  3ssed upon nondest ruct ive  coa t ing  

th ickness  evaluat ions .  It was decided t o  repeat  the r e p a i r  procedure on two of 

t h e  four  panels. Panels S Y L  6 and VAC 11 were double repa i red  and panels  SYL 4 
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T o b l e  12 -1  

FIELD REPAIR COATINGS EVALUATED 

REPAIR TYPE - 
REPAIR SITE DEFECT SIZE DEFECT Cb-752;'R-512E C-129Y.qH-109 
DESIGNATdN (DIAMETER-IN.) LOCATION PANELS PANELS 

a 1 /4 OVER RIB CERAMIC A-1 CERAMIC H-1 

b NONE - - - 
c 1 /4 BETWEEN RIBS CERArtllC A-1 CERAMIC H-1 

d 1 ./8 BETWEEN R I S  SYL R-5lZE:'LAMP SYL R-512E.'LAMP 

e 1 /4 BETWEEN RIBS CERAMIC P-1 OPEN SITE 

f 1/8 OVER RIB SYL R-SlZE.'LAMP SY L R-512E/LAMP 

B 1 /4 OVER RIB CERAMIC U-1 CERAMIC U-1 

h NONE - - - 
CERAMIC U-1 

CERAMIC P-l 

1 .f4 OVER RIB CERAMIC P-1 OPEN SITE 

OVER RIB CERAMIC H-1 CERAMIC P-1 

and VAC 10  were l e f t  wi th  t h e  s i n g l e  r e p a i r  cycle .  The appearance of the  Ejr21ani.a 

lamp r e p a i r s  be fo re  t e s t i n g  is shown i n  f i g u r e  12-6. The phys ica l  appearance was 

considered good. One pa3e1, SYL 6,  had a smal l  depress ion i n  the  coa t ing  loca ted  

0.2 inch from t h e  d e f e c t  a r e a  and on t h e  o u t e r  per iphery  of t h e  over lap  a rea ,  

a s  noted i n  f i g u r e  12-6. 

Af t e r  t h e  lamp r e p a i r s  were completed, t h e  remaining 114-inch d e f e c t s  were 

g r i t b l a s t e d  on the  panel  s k i n s  and ceramic repa i red .  The r e p a i r s  were appl ied  

according t o  t h e  procedure descr ibed i n  appendix C .  The r e p a i r s  were furnace fused 

simultaneously a t  205U0F f o r  5 minutes. Table 12-1 g ives  t h e  des igna t ions  of t h e  

four  ceramic compositions appl ied  t o  t h e  ~b-752lR-512E panels  and t h e  t h r e e  compo- 

s i t i o n s  app l i ed  t o  t h e  C-129YlVH-109. Figure  12-6 shows t h e  cerarric r e p a i r s  p r i o r  

t o  t e s t i n g .  

12.3.2 Resu l t s  of P r o f i l e  T e s t  Evaluat ion - Resu l t s  of t h e  p r o f i l e  eva lua t ion  

of t h e  3 by 12-inch r i b  s t i f f e n e d  panels  a r e  summariz.rd i n  t a b l e  13-2. Xost of t h e  

f i e l d  r e p a i r s  performed w e l l  i n  prevent ing ox ida t ion  of the  columbium s u b s t r a t e .  

The panels  d i d  not  s t r u c t u r a l l y  perform up t o  expec ta t ions  because of e a r l y  

a c o u s t i c  f a i l u r e s  o r  poor coa t ing  performance, independent of t h e  r e p a i r  s i t e s  on 

the  pariel sk ins .  Resu l t s  of each of t h e  four  panels w i l l  b e  d i scussed  s e p a r a t e l y .  

12.3.2.1 P r o f i l e  Evaluat ion Resu l t s  of Cb-752 Panel  SYL-4 - Thc R-512E coat-  

i n g  and r e p a i r s  previously  descr ibed were app l i ed  t o  panei  SYL-4. I t  then 

12-9 

1 .  

i MCbOlVNRlL DOUIIU- AlTIONAUTlCb COMPANY - IA-T 
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Cb-752 Panel SYL-6 1x 

7 REPAIR SlTE a 

C-129Y Panel VAC-11 I X 

TYPICAL APPEARANCE OF F I E L D  REPAIR COATED 
PANELS PRIOR TO TESTING 

(See Table 12-1 for Repair Designations) 

12-10 
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V4C-1" NOT i NOT 
I TESTED I TESTED 

50NF SONF I Y NF / 10F 1 50 - EXCESSIVE I !  I PANEL 

TOTAL 
OXIDATION CYCLES - 

REASON FOR 
TERMINATING TEST 

20 - ACOUSTIC 
PPNEL FAILURE 

- - 

I i t 1 CEFLECTloN 

SYL-6 , 80 NF 80 NF 80 NF 80 NF 40 i'" 80 NF 70 F 20 F 
I 

80 - ACOUSTIC 
! 1 PANEL FAILURE 

 IREPA PAIR CHIPPED DURING THIRD ACOUSTIC EXPOSURE SYMBOLS: 

C.  FAILURE CAUSED BY INTERFERENCE WITH LOADIN .XTURE 
F - FAILURE 
NF - NO FAILURE 

PANEL 
SPEC 

SYL-4 

R - REPAIR OVER RIB 
BR - REPAIR BETWEEN RIBS 

SY LVAN!A R-512E 
REPLACEMENT REPAIRS 

experienced a t o t a l  of  20 p r o f i l e  s i m u l a t i o n s  and two 286-second a c o u s t i c  

! 

LAMP 
REPAIR 

20 NF 

CERAMIC FIELD REPAIRS 

exposures.  The pane l  f a i l e d  i n  a c o u s t i c  f a t i g u e  du r ing  t h e  second a c o u s t i c  

LAMP 
RFPfilR BR 

20 NF 

exposure,  and is  shown i n  f i g u r e  12-7. The a c o u s t i c  f a i l u r e  was judged t o  be  

u n r e l a t e d  t o  t h e  r e p a i r s  on t h e  s k i n .  One A-1 ceramic r e p a i r  l oca t ed  a t  r e p a i r  

s l t e  c f?.iled a f t e r  20 p r o f i l e  cyc le s ,  t u t  i t  shcu ld  b e  noted  t h a t  t h i s  r e p a i r  was 

damaged by t h e  f i x t u r e  load  rod  du r ing  t h e  . '_n i t la1  1 0  exposure cyc le s .  

A f t e r  t h e  i n i t i a l  s e t  of  10 p r o f i l e  exposure  c y c l e s ,  numerecs i i . - ip ient  coat-  

i n g  f a i l u r e s  were noted  on t h e  r e v e r s e  s i d e  o f  t h e  pane l  on t h e  edges of t h e  r i b s .  

This  cond i t ion  had been noted  on t h e  r i b s  of  o t h e r  R-512E coa ted  p a n e l s  ( r e f e r -  

ence 6) and was asswed t n  be  caused by a t h i n  c o a t i n g  on t h e  r i b  edges. There- 

f o r e ,  t he  r i b  edges were r e p a i r  coated wi th  t h e  U--1 composit ion a f t e r  the i n i t i a l  

set of 10 exposure c y c l e s ,  and f u r t h e r  o x i d a t i o n  of t h e  r i b  edges was e l imina ted .  

3 e t a l l o g r a p h i c  examination of  a r i b  edge confirmed t h a t  t h e  R-512E c o a t i n g  was 

t h i n .  Minimum t h i c k n s s s  noted  i n  fou r  d i f f e r e n t  a r e a s  s e c t i o n e d  was 0.3 m i l .  

C - 
Pane l  STL-4 was m e t a l l o g r a p h i c a l l y  examined t o  de termine  t h e  s t a t u s  of :he 

H-1 BR 

20 NF 

MCDOWNELL DOUOLAS AI7RONAUWCS COMPANY - IA -T  

, 

A-1 R 

20 NF 

A-1 BR 

20 F'?' 

P-1 R 

20 NF 

P-1 U-1 BR H-1 R 

20 NF 20 NF 20 NF 20 NF 
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557-2825 PANEL SY L-4 AFTER ACOUSTIC FATIGUE FAILURE Figure 12  -7 

r e p a i r s .  The ceramic r e p a i r s  appeared b a s i c a l l y  as expected.  The depth of con- 

tamination because of oxygen s o l u t i o n  below t h e  r e p a i r s  was s l i g h t l y  more ex tens ive  - 
4 than t h a t  noted i n  p r o f i l e  exposures of r e p a i r  coupons vhere  t h e  bending s t r e s s  

was absent .  Sylvania ' s  nondes t ruc t ive  i n s ; ~ e c t i o n  r e s u l t s  of zh in  c o a t i n g  were 

confirmed. Although an o x i d a t i o n  f a i l u r e  was n o t  i n i t i a t e d ,  t h e  s t h s t r a t e  shows 

oxygen contamination and f a i l u r e  would be  expected t o  occur i n  less than 100 

p r o f i l e  cyc les .  

12.3.2.2 P r o f i l e  Evaluat ion R e s u l t s  of Cb-752 Penel  SYL-6 - The second R-512E 

coated Cb-752 a l l o y  panel  was r e p a i r  coated a s  previously  descr ibed and was iden- 

t i c a l  t o  par.. A SYL-4. Panel  SYL-6 f a i l e d  i n  t h e  boost  acouscic  s in iula t ion cyc le  

a f t e r  80 r e e n t r y  p r o f i l e  exposure cyc les  and 7 in te rmedia te  a c o u s t i c  exposures o f  

286 cycles  each. The f a i l u r e  was similar t o  t h e  a c o u s t i c  f a t i g u e  f a i l u r e  

experienced wi th  pane l  SYL-4 shorn i n  fLgure 12-7. The pane l  and c o a t i n g  performed 

w e l l  through t h e  80 r e e n t r y  p r o f i l e  exposure cyc les .  The edges were assumed t o  be  

t h i n  (as  p rev ious ly  descr ibed)  f c r  pane l  SYL-4, and t h e  U-1 ceramic r e p a i r  compo- 

s i t i o n  was app l ied  t o  t h e  edges of t h e  r i b s  p r i o r  t o  t e s t i n g .  

The r e p a i r  a r e a  p r i o r  t o  t e s t i n g  is shown i n  f i g u r e  12-6, whi le  t h e  r e p a i r  

area a f t e r  80 f l i g h t  s imula t ion  cyc les  is shown i n  f i g c r e  12-8. Ceramic r e p z i r  
: 

compositions A-1 and P-1, appl ied over  and between t h e  r i b s ,  d i d  n o t  exper ience 
I 

I aqy oxida t ion  f a i l u r e s  through t h e  80 r e e n t r y  p r o f i i e  cyc les .  The U-1 ceramic 

r e p a i r s  l o c a t e d  between t h e  r i b s  d i d  no t  f a i l  i n  o x i d a t i o n  throagh tlie 80 p r o f i l e  

cycles .  The second U-1 s i t e  ( loca ted  over a r i b )  f a i l e d  a f t e r  40 p r o f i l e  cyc les .  

The f a i l u r e  i n i t i a t e d  i n  a chipped area of t h e  r e p a i r ,  which occurred Gurfng t h e  

a c o u s t i c  exposure a f t e r  30 p r o f i l e  cyc les ,  and is che only  c a s e  noted i n  which a 

ceramic r e p a i r  was damaged dur ing a c o u s t i c  exposure. Each of t h e  ox ida t ion  
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Figure 12 -8 

f a f l u r e s  was repa i red  wi th  t h e  U-1  ceramic composition t o  provide r;:!.dation pro- 

t e c t i o n  dar ing  s u b s e q ~ e n t  t e s t i n g  of u n f a i l e d  r e p a i r s .  The H - 1  c r r a v i c  composition 

proved t o  be t h e  poores t ,  wi th  1 r e p a i r  s i te  f a i l i n g  a f t e r  20 p r o f i l e  r e e n t r y  

cyc les ,  and t h e  second s i t e  f a i l i n g  af ter 70 p r o f i l e  cyc les .  

The r e p a i r s  e f f e c t e d  by r e p l a c i n g  t h e  R-512E coa t ing  employing t h e  focused 

r a d i a n t  lamp f a i l e d  a f t e r  10 p r o f i l e  cvc les  i n  1 case,  and a f t e r  20 p r o f i i e  c y c l e s  

i n  t h e  second case .  Figure  12-9 shows t h e  f a i l u r e  of t h e  lamp r e p a i r  over t h e  r i b  

a t  r e p a i r  s i te  f a f t e r  1 0  r e e n t r y  p r o f i l s  cycles .  The ox ida t ion  failure occurred 

at  t h e  per iphery of t h e  h e a t  a f f e c t e d  zone of t h e  r e p a i r  a r e a  approximately 0.2 

inch from t h e  1/8-inch d e f e c t  g r i t b l a s t e d  3.n t h e  coat ing.  I t  can b e  noted from 

f i g u r e  12-8 t h a t  t h e  s c t u a l  d e f z c t  a r e a s  i? which t h e  c o a t i n g  had been removed had 

n o t  f a i l e d  a f t e r  80 r e e n t r y  p r o f i l e  cyc les ,  but t h e r e  was a t o t a l  of 5 ox ida t ion  

f a i l u r e  s p o t s  on t h e  pe r iphery  of t h e  2 lamp l e p a i r  s i t e s .  

12.3.2.3 P r o f i l e  Evaluat ion Kesul ts  of C-129Y Panel VAC-11 - The i n i t i a l  

C-129Y a l l o y  panel was coated wi th  the  VH-109 fused s l u r r y  s i l i c i d e  coa t ing  and 

was r e p a i r  coated a. e i g h t  s i t e s  a s  aasc r ibed  above. The panel vas  exposed t o  
t 

12-13 
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En!a!ged View of Lamp Repair Site f 
Showing Oxidation Failure 

-1 s.3 -2-9- PANEL SYL-6 AFTER 10 REENTRY PROFILE CYCLES 
Figure 12-9 

100 r e e n t r y  p r e s s u r e  ox ida t ion  cyc les  wi th  only 1 r e p a i r  f a i l i n g  i n  ox ida t ion .  

The panel  s t r u c t u r a l  pe r fomance  w a s  s e z c r d l y  l ini  t e d  by poor c o a t i n g  performance, 

and the  loading had t o  be t e m i n a t e d  s f  ter 20 r e e n t r y  yrof i l e  e v o s u r e  cyc les .  

The perfomance of the r e p z i r  sites was corlsldered v e q -  good. Figure  12-10 

shows the  r e p a i r  a r e a  of p s n s l  VAL-I1 a f t e r  100 cyc les .  The only r e p a i r  o x i d ~ t i o n  

fai;ure vas  a ceramic H-l  colrpesit ion a t  r e p a i r  s i te i, which r a i l e d  between 

expoasre cyc les  20 and 30. X s n a l l  ho le  was oxidized through t h e  s k i n ,  f o  - ing 

tbe  zssu-prfon t h a t  the osicfat ion f a i l u r e  occurred dur ing  o r  s h o r t l y  a f t e r  t h e  

P~ei i t i e t ;~  cycle .  The second H-1  r e p a i r  s i te ,  a s  we1 1 as t h e  U-1 and P-1 ceramic 

r e p a i r s  and the two lamp r e p a i r s ,  p e r f c m e d  s a t i s f a c t o r i l y  through 100 cyc les .  

Tile s t r u c t u r a i  :,erfornaace of t h e  VAC-11 pane l  was por~r .  An excess ive  ;ixount 

of d e f i e c t i c n  and genera l  c0atir.q ox ida t ion  f a i l u r e  o f  t h e  r i b z  r e r e  noted a f t e r  

20 r e e n t r y  p m L i  l e  exposure cycles .  The pane l  d e f l e c t f o n ,  0.22 inck i n  t h e  c e n t e r  

OF t h e  load s p a ,  was considered tq c c n s t i t u t ~  a s t r u c t u r a l  f a i l u r e ,  and a l l  sub- 

seq3cr.t dynamic a c o u s t i c  and s t a t i c  loading was terminated.  A l l  p r o f i l e  exposure 

cyc les  g r e a r e r  than 30 .ere conducted us ing  t h e  t i m e ,  temperature ,  and a i r  pres-  
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,H-l OXIDATION 
FAILUilE OCCURRINb 
AFTER 30 CYCLES 

( PANEL VAC-11 AFTER 109 PROFILE CYCLES SHOWING 
457-2810 GOOD REPAIR PERFORMANCE 

Figu:e 12-10 

su re  of f i gu re  12-2, without emploving the  s t r e s s  p r o f i l e .  

The coat ing was found t o  be f a i l i n g  i n  s eve ra l  loca t ions  a f t e r  20 reentry 

p r o f i l e  cycles.  Extensive and general ized coat ing f a i l u r e  occurred oc t he  r i b s .  

The extensive a r ea  a f fec ted  and t h e  s eve r i t y  of che oxidat ion permitted a con- 
I 

s ide rab l e  volume of oxygen t o  d i sso lve  and reac t  with t h e  r i b .  This general ized 

condi t ion is bel ieved t o  be  respocsible  f o r  t h e  excessive amount of panel  def lec-  

t ion .  The mechanism of high e l o n g ~ t i o n  during p r o f i l e  cyc l ing  Is bel ieved t o  be  

caused by the  i n t e r n a l  oxidat ion of t he  hafnium with concurrent l o s s  of its s o l i d  

so lu t ion  s t rengthening benef i t s .  I n  addi t ion  t o  t he  oxidat ion f a i i u r e s  on the  

r i b s ,  extensive oxidation f ? i l u r e s  occurred on both ends of t h e  penel  i n  t h e  load 

.- -.. pad area.  One panel,  without r e p a i r  coating, was sect ioned ro r  metallographic 

examina t i~n  of the coat ing s t r u c t u r e  and o f  the  thickness  i n  t h e  areas  found t o  be 

f a i l i n g  prematurely. I t  was discovered t h a t  the  coat iqg thickness was uneven and 

th in  on one su r i ace  of t he  r i b s  and i n  t he  load pad area.  Rib coat ing thrckness 

was found to  be uneven, reaching a minimum of 0.7 m i l  per  surface.  The c ~ a t i n p  

I -  thickness i n  t he  load pad a r ea  was a minimum of 0.4 m i l .  The codting was 3.5 t o  

12-15 
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4.5 m i l s  pe r  s u r f a c e  on t h e  e x t e r i o r  of  t h e  skin and t h e  c o a t i c g  ? e r f o m d  w e l l .  
8 
,I 

1 
12.3.2.4 P r o f i l e  Evaluat ion Resu l t s  of  C-179Y Panel  VAC-I0 - The second 

C-129s pane l  was coated and r e p a i r e d  i n  t h e  same manner as t h a t  used f a r  t h e  pre- 

v ious ly  desc r ibed  pane l  VAC-11. P m e l  YAC-I@ exper ienced t h e  same type of  poor I 
1 

s t r u c t u r a l  perforaance s s  p a n e l  irAC-11. Escess ive  psne l  d e f l e c t i o n  caused t e r n l -  1 
na t ion  of t h e  load ing  a f t e r  20 r e e n t r y  p r o f i l e  cyc les .  The temperature and a i r  I 
pressu;e p r o f i l e s  were terminated a f t e r  50 cycles ,  a t  which t i m e  o x i d a t i o n  f a i l a r e s  

cccurred a t  only  1 of t h e  8 r e p a i r  s i t e s .  

The t h r e e  ceramic r e p a i r  composit icns be ing  t e s t e d ,  H - 1 ,  G-1 and 7-1, each 1 
I 

appeared i n  e s c e l l e n t  cond i i ion .  One of t h e  Sylvania  l a c p  repa:r a r e a s ,  s i t e  d ,  

had a s n a l l  c o a t i n g  f a i l u r e  a f t e r  10  r e e n t n -  c y c l e s .  This  was a r e p a i r  s i t e  which 

v a s  s ingle-cycle  r e p a i r e d  and was suspected t o  b e  t h i n  ( s e e  p r a g r a p h  12.3.1). 

?anel  VAC-10 esper ienced a g e n e r a l  c o a t i n g  f a i l u r e  i n  t h e  middle of t h e  c e n t e r  

r i b .  The ~ a a t i n g  f a i l u r e  a n  one r i b  s u r f a c e  caused a b3w i n  t h e  r i b  due t? t h e  

unbalanced compressive s t r e s s e s  on t h e  two o p p o s i t e  s u r f a c e s  of  t h e  r i b .  (Cooling 

frorn t h e  coa t ing  p rocess  causes  a c-ressive s t r e s s  i n  meta l  due t o  thermal expan- d 

sion d i f f e r e n c e s . )  The c o a t i n g  f a i l u r e  a d  bow i n  t h e  r i b  a r e  shot.- i n  f i g u r e  12-19. 

The bori i n  t h e  c e q t e r  r i b  caused t h e  : ens i l e  s t r e s s  ~f t h e  r e e n t r y  ioad p r o f i l e  

t o  be c a r r i e d  by the  two o u t s i d e  r i b s  and an excess ive  d e f l e c t i o n  (0.16 inch)  T) : i 

cccur red .  On t h e  second series of p r o f i l e  load c y c l e s ,  t h e  s t r e s s  was reduced by 
I 

33 percen t  t o  account f o r  t h e  1 r i b  which was not  c a r r y i n g  i ts  s h a r e  of  t h e  load.  i 

By t h e  end of 20 p r o f i l e  cyc les ,  t'le remaining 2 r i b s  were exper ienc ing  genera l i zed  

coa t  iiig f a i l u r e s ,  t h e  panel  defler: t i o n  had inc reased  t o  0.18 inch ,  and t h e  app l i ca -  
I 

t i011 of l c a d s  dur ing  p r o f i l e  cyc!.ing was terminated.  

12.3.: Resu! ts e f  Bcost Acoust ic  Load Exposures - - The r e s u l t s  of t h e  a c ~ u s t i c  
b 
I - 

espcsures  f o r  group 1 p a n e l s  were g e n e r a l l y  poor. The Cb-752 pane l s  t e s t e d ,  a i 
4 - 

t o t a l  ?f t h r e e ,  showed cons ide rab le  v z r i a t i o n  i n  t h e  nunber o f  cyc les ,  o r  t o t e l  I .  
! 

esposure  t i n e ,  t o  f a i l u r e .  The C-129T a l l o y  pane l s  be ing  p r o f i l e  t e s t e d  rece ived  ' 
very few a c o u s t i c  exposure cyc les ,  s i n c e  excess ive  pane l  d e f l e c t i o n s  occ-=red ! 

1 
e a r l y  i n  t e s t i n g  and s t r u c t a r a l  loading was terminated.  One C-129Y pane l  wi thou t  

r e p a i r s  o r  t h e r n a l  c y c l e s  gas expose4 ts a f u l l  500,000 c y c l e s  wi thou t  f a i l u r e .  

The a n a l y s i s  of t h e  a c o u s t i c  f a t i g u e  r z s u i t s  was vigorously  pursued t o  i n s u r e  t h a t  

the  problems exper ienced i n  t h e s e  pane l s  could be r e c t i f i e d  pri.ar t o  t e s t i n g  t h e  

second group o t  r i b  s t f f f e n e d  panel  specimens. 

The r e s u l t s  of tt.e a c o ~ s t i c  t e s t i n g  a r e  sun, . a r i zed  i~ t a b i e  12-3. The f i r s t  
x 

pane l  t o  f a i l  i n  ; c o i ~ s t i c  exposure t e s t i n g  was Cb-752 i - l loy  syecimen SYL-4. The 
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I Table 12-3 

TEST CONDITIONS USED FOR EVALUATING FlELD REPAIR COATED RIB STIFFENED PANE'-S 

PANEL ALLOY AND ACOUSTIC NUMBER 
NUMBER COATING 

CONDlT ION OF CYCLES 
RESULTS 

TIME (SECONDS) 

S Y L 4  FIELD ?;PAIRED AND 570 150,000 SKIN AND 918 FAILURE 
ALTERNATE PROFILE 

W L - 6  

' 
Cb-152 EXPOSURES 

AND 22W 605,000 
SKlN FAILURE PARALLEL 
TO RIB 

R-512E 
SY L-3 NOT REPAIRED 1140 SKlN FAiLURE PARALLEL 

NO THERMAL CYCLES 300*000 TO RIB 

RIB BOWING PER PARAGRAPH 
VAC-IO 0 0 7.3.4 PRECLUDED ACOUSTIC 

FIELD REPAIRED AND TESTING 

~ - 1 2 9 ~  ALTERNATE PROflLE PANEL DEFLECTION PER 
AND EXPCSURES VAC-11 570 PARAGRAPH 7.3.3 

VH-109 
150*000 TERMINATED ACOUSTIC 

TESTING WITHOUT FAILJRE. 

NOT REPAIRED 
VAC-7 NO THERMAL CYCLES 2850 800.000 NO FAILURE OR DAMAGE. 

f a i l u r e  occurred a f t e r  20 reen t ry  p r o f i l e  cyc les  and dur ing t h e  second acous t i c  

exposure cyc le  (570 seconds o r  150,000 cycles) .  The f a i l u r e  w a s  extensive ,  a s  

shown i n  f i g u r e  12-7, and included f r a c t u r e  of t h e  s k i n  p a r a l l e l  and adjacent  t o  

the  r i b  welds and f r a c t u r e  of two r i b s  i n  t h e  c e n t e r  of t h e  panel. The o r i g i n a l  

a n a l y s i s  of t h e  panel  ind ica ted  t h a t  t h e  r i b s  were t h e  most h ighly  s t r e s s e d  and 

should f a i l  p r i o r  t o  t h e  sk ins .  However, t h e  f a i l u r e  occurred a t  l e s s  than 20 

percent  of t h e  p red ic ted  number of cycles .  Because of t h e  extensivedamage, i t  

should be noted t h a t  a f t e r  the  i n i t i a l  f a i l u r e ,  independent of where i t  occurred,  

the  dynamic response of t h e  panel  was s i g n i f i c a n t l y  changed and was no longer 

represented by the  condi t ions  e s t a b l i s h e d  by t h e  c a l i b r a t i o n  panel. The following 

quest ions  were posed by t h e  f a i l u r e :  

a) Was the  f a i l u r e  i n i t i a t e d  i n  t h e  r i b ,  leading t o  excess ive  amplitude 

and s k i n  f a i l u r e ?  

b) Was t h e  f a i l u r e  i n i t i a t e d  i n  t h e  s k i n ,  l ead ing  t o  r i b  i n s t a b i l i t y  and 

f a i l u r e ?  

c )  Were t h e  f i e l d  r e p a i r s  t h e  cause o f ,  o r  a c o n t r i b u t o r  t o ,  t h e  f a i l u r e ?  

d)  Were t h e  s k i n  buckles r e l a t e d  t o  t h e  f a i l u r e ?  
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e )  Were t h e  v e l d s  of i n f e r i o r  q u a l i t y ,  causing e a r l y  f a i l u r ? ?  

f) Was t h e  f a i l u r e  caused by sane unique .zbnortnality of t h ~  panel or 

t e s t  procedure no t  cansidered i n  t h e  origLnal ana lys i s?  

Answers t o  these  qgest ions  were saught by examining t h e  f a i l e d  panel  by 

metallographic and f r a c t u r e a n a l y s e s .  The f r a c t u r e  s u r f a c e s  were smeared by the  

su r faces  rubbin? together  ~ E t e r  f a i l u r e  and no conclusions could be nade about 

t h e  f a i l u r e  in i t !a t ion s i t e  o r  sequence of f a i l u r e s .  Metallographic a n a l y s i s  

revealed a Eew c . h e r  cracks adjacent  t o  t h e  f a i l u r e  sites, but  s p e c i f i c  conclusions 

were impossible. Unfortunately, t h e  analyses  of t h e  SPL-4 panel were not ab le  t o  

answer any of t h e  above quest ions  o r  i n d i c a t e  a probable cause  of t h e  poor perfor-  

mance. 

Two panels which d id  not  have r e p a i r s  on t h e  s k i n  and had not  been thermal 

cycled were acous t i c  t e s t e d  t o  f a i l u r e  o r  t o  800,000 cycles .  The C-129Y panel ,  

VAC-7, survived t h e  test without f a i l u r e  o r  damage. The Cb-752 panel (SYL-3) 

f a i l e d  a f t e r  300,000 cycles .  The f a i l u r e  occurred i n  t h e  s k i n  p a r a l l e l  t o  t h e  

r i b s  i n  t h e  same manner as t h a t  observed wi th  t h e  previous panel,  except t h a t  the  

r i b s  remained i n t a c t .  Metallographic s e c t i o n s  were prepared which showed a s ign i -  

f i c a n t  number of fa t igue  cracks i n  t h e  Cb-752 s u b s t r a t e  adjacent  t o  t h e  f r a c t u r e  + .  
i )  i 

p l a t e .  These f a t i g u e  cracks were present  i n  both t h e  weldments and i n  the  unwelded 
1 

sheet .  The following conclusions were ind ica ted  from t h e  r e s u l t s  of t h i s  t e s t :  

a )  t h e  s k i n  f a i l u r e s  were not  i n i t i a t e d  from t h e  r i b s  f a i l i n g  i 
b)  t h e  f i e l d  r e p a i r s  were not a major f a c t o r  i n  f a i l u r e  i n i t i a t i o n  of the  1 

s k i n  

c )  t h e  f a i l u r e s  were a normal a c o u s t i c  f a t i g u e  f a i l u r e  and not an anomaly 

of t h e  panel  o r  t e s t  procedure. 

While s e v e r a l  quest ions  were resolved,  t h e  cause of t h e  s k i n  f a i l u r e s  was 

n o t  y e t  e s tab l i shed .  

The f i n a l  Cb-752 panel,  s h m  i n  f i g u r e  12-11, t o  f a i l  i n  acous t i c  exposure 

was panel  SYL-6 which f a i l e d  a f t e r  605,000 cycles .  The panel  had experienced 80 

reen t ry  p r o f i l e  cycles .  This l eng th  of time a t  e leva ted  temperature was s u f f i c i e n t  

t o  allow a t h i n  l a y e r  of coa t ing  oxide t o  be formed on t h e  panel  s k i n .  This oxide 

l a y e r  showed compression s p a l l i n g  i n  s e v e r a l  a reas  which were 0.4 t o  1.0 inch i n  

l eng th  and p a r a l l e l  t o  t h e  r i b  welds. The s p a l l e d  a reas  were coincident  wi th  t h e  

s k i n  buckles,  which were concave below t h e  nominal p lane of t h e  s k i n  and were 

loca ted  only on t h e  s i d e  of t h e  r i b  which was a concave buckled sur face .  Figure  

12-12 i n d i c a t e s  t h e  l o c a t i o n  of these  s p a l l e d  areas .  It was e s t a b l i s h e d  t h a t  such 
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PANEL SYL-6 AFTER 80 REENTRY PROFILE CYCLE SHOWING 
AREAS OF ACOUSTIC FATIGUE FAILURES Figure 13-11 

RIB WELDS 

4 

(White Arrows Show Spalled Areas) 

FAILED AREA OF PANEL SYL-6 SHOWING COMPRESSION SPALLING OF 
7 - 2 8  COATING OXIDE SURF.ICE COINCIDENT WITH CONCAVE SKIN BUCKLES 

Figure 12-12 
? 
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s p a l l e d  a r e a s  a r e  caused by d e f l e c t i n g  the columbium t o  nroduce compressive load- 

ing. T e n s i ~ n  loading produces h a i r l i n e  cracks ,  a s  opposed t o  s p a l l i n g  of t h e  
3 

sur face  of t h a  coating.  Thus, i t  was confirmed t h a t  t h e  buckles which were con- 

cave below t h e  plane of t h e  s k i n  had dynamically popped t o  a convex pos i t ion  abave 

t h e  plane of t h e  skin.  I t  is not known t h a t  t h e  b!lckles popped through on every 

cycle.  However, when pop-through d i d  occur,  t h e  l o c a l  s t r e s s e s  i n  the  s k i p  adja- 

cent  t c  t h e  weld would be a t ,  o r  above, t h e  m a t e r i a l  y i e l d  s t r e n g t h ,  and would be  

expected t o  f a i l  rapidly  i n  a fatigue-type loading.  

It was concluded t h a t  t h e  s k i n  buckles had t o  b e  e l iminated,  and s t e p s  were 

taken t o  replace  t h e  3 by 12-inch r i b  s t i f f e n e d  panels  f o r  the  second group of 

reen t ry  p r o f i l e  evaluat ion of f i e l d  r e p a i r s .  't was predic ted t h a t  t h i s  would 

e l imina te  t h e  f a i l u r e  of t h e  s k i n s  and t h a t  t h e  r i b  would hecome t h e  c r i t i c d l  

member as o r i g i n a l l y  predic ted.  

12.4 PANEL EVALUATION - GROUP 2 - The second group of 3 by 12-lcch r i b  

s t i f f e n e d  panel specimens were r e  fabr ica ted  t o  e l imina te  t h e  s k i n  d i s t o r t i o n  a s  

descr ibed i n  s e c t i o n  3.3. The panels  were o: sa t j s ; ac to ry  manufacturing and 

coat ing q u a l i t y  . The f i e l d  r e p a i r s  appl ied represent  ' 'he f i n a l  development 

product f o r  t h e  ceramic compositions, lamp spot  h e a t e r  r e p a i r  method, and t h e  

plasma spraying of molybdenum d i s i l i c i d e  . 
12.4.1 E l  Specimen Preparat ion - Defects were g r i t b l a s t e d  on t h e  s k i n  a s  

descr ibed i n  s e c t i o n  12.3.1. The same defec t  p a t t e r n  a s  shown i n  12-5 was 

se lec ted ,  except t h e  f i r s t  and second rows of r e p a i r s  on each s i d e  of t h e  panel 

c e n t e r l i n e  were 518 and 1-114 inches,  r espec t ive ly .  Two d e f e c t  loca t ions  were 

used f o r  each r e p a i r ,  one d i r e c t l y  over a r i b  and a second halfway between two 

r i b s .  Table 12-4 p r e s e n t s  t h e  type,  s i z e ,  and l o c a t i o n  of t h e  r e p a i r  coatings 

evaluated.  

Two panels  of each a l l o y  and coa t ing  combination had 1/8-inch diameter 

d e f e c t s  g r i t b l a s t e d  a t  l o c a t i o n s  d and f .  The panels  were then s e n t  t o  Sylvanin 

f o r  r e p a i r  coa t ing  by rep lac ing  t h e  fused s l u r r y  s i l i c i d e  coa t ing  with t h e  focused 

r a d i a n t  lamp coating.  Sylvania,  us ing t h e  procedures descr ibed i n  sec t iqn  11, 

experienced some d i f f i c u l t y  i n  achieving and mainta ining t h e  required thermal 

condi t ions  on t h e  r i b  s t i f f e n e d  panels  due t o  h e a t  l o s s e s  from t h e  r e l a t i v e l y  Jpen 

s t r u c t u r e  of t h e  r i b  s i d e  of t h e  panel .  A bat-type i n s u l a t i o n  was used t o  mini- 

d z e  these  h e a t  losses .  This is a v a l i d  condi t ion as p a n e l ~  i n  a c t u a l  s e r v i c e  

w i l l  have i n s u l a t i o n  on t h e  i n s i d e  su r face .  Ear ly  f a i l u r e s  occurred on panel 

SYL-72, t h e  f i r s t  panel  t o  b e  repaired.  Subsequent panels  showed a marked improve- 
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t T a b l e  12-4 

FIELD REPAIR COATINGS EVALUATED 

DEFECT 
REPAIR T'f P E  

REPAIR SITE DEFECT SIZE 
DESIGNATION (DIAMETER-IN.) LOCATION 

Cb-752. 'R-512E C-129Y. VH-109 
PANELS PANELS 

a 1.'4 OVER RIB CERAMIC J-2 CERAMIC E-2 
b 1 '4 OVER RIB CERAMIC N-2 .- 
c 1.'4 BETWEEN RIBS CERAMIC J-2 CERAMIC E-2 
d 1. '8 BETWEEN RIBS SYLVANIA R-512E LAMP SYLVANIA 8-512E LAM? 
e NONE BETWEEN RIBS - - 
f 1 ' 8  OVER RIB SYLVANIA R-512E LAMP SYLVANIA R-512E LAMP 

B 1.'4 OVER 3 IB  CERAMIC 0-2 CERAMIC H-1 

h 1 '4 BETWEEN RIBS CERAMIC N-2 - 
I 1.'4 BETWEEN RIBS CERAMIC 0-2 CERAMIC H-1 

j 1.8 BETWEEN RIBS METf !)-PLASMA MoSi2 NETCO-PLAqMA MoSi2 
k NONE OVER RIB - - 

1 1 8  OVER RIB METCO-PLASMA MoSi2 METCO-PLASMA MoSi2 

TYPICAL 3 BY 12-INCH RIB STIFFENED PANEL SHOWING FIELD REPAIRS 
BEFORE FLIGHT SIMULATION TESTING 

Figure 12-13 
-.-rc- 

rnent with proper temperature control maintained by using the insulation behind the 
4 

repair area. - 
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Defects i n  t h e  four  panel specimens were g r i t b l a s t e d  a t  locations j and 1 and 

the  panels were s e n t  t o  Metco, Tnc. f o r  plasma sprayed molvbdenum d i s i l i c i d e  

r q a i r s .  IY~tco cleaned the  a rea  t o  be  repa i red  by l i g h t l y  g r i t b l a s t i n g  and masking 

:he pace1 wi th  z 11'8-inch t h i c k  piece  of s t e e l  having a  3/8-inch d i - s e t e r  ho le  i n  

the  d e a l ~ e d  r e p a i r  a rea .  The s t e e l  mask served t o  l i m i t  t he  spray t o  t h e  des ' r ed  

a r e a  silt a l s o  served a s  a  hea t  s i n k  dur ing spraying t o  l i m i t  t he  hea t  input  t o  t h e  

panels .  The m:>lybdenum d i s i l i c i d e  thec  was app l i ed  t o  a th ickness  of 8 t o  10 m i l s .  

The f i n a l  r e p a i r s  t o  be  app l i ed  were t h e  ceramic conposi t ion r e p a i r s .  The 

de fec t  slt;s f o r  ceramic r e p a i r  were 1/4-inch diameter and were g r i t b l a s t e d  a s  

descr ibed above. Three c e r a n i c  conposi t ions ,  5-2, X-2, and 0-2, were s e l e c t e d  f o r  

app l i ca r lon  t o  t h e  R-512E-ccated C5-752 panels .  The E-2 and H - 1  cospos i t ions  were 

app i i ea  ta t h e  [TI-103-coated C-1291' a l l o y  panels .  The c e r a d c  c o ~ p o s i t i o n s  were 

appl ied  by the  procedures descr ibed i n  appendix C. Each of t h e  f i e l d  r e p a i r s  was 

considered s a t i s f a c t o r y  a s  appl ied .  A t y p i c a l  panel  a f t e r  f i e l d  r e p a i r i n g  is 

sbown ' n f i g u r e  12-13. 

12.1.2 Resu l t s  of Panel  Evaluation - The f i e l d  r e p a i r s  and panels  both 

pe r fo r i ed  w e l l  wi th  a  few mincr oxidat ion f a i l u r e s  and no s t r u c t u r a l  f a i i u r e s .  

The r e s u l t s  of t h e  f i e l d  r e p a i r  performance a r e  sumc~arized i n  t a b l e  12-5. The 

two types of panels ,  Cb-752 wi th  3-512E and C-129Y with  VH-109 coa t ing ,  w i l l  be  

d iscussed ~ = ? a r a t e l y ,  s i n c e  they exh ib i t ed  similar performance c h a r a c t e r i s  t i c s .  

12.4.2.; R s s u l t s  of Cb-752 Alloy Panels - Three Cb-752 panels  wi th  the  R-512E 

p r o t e c t i v e  lotting were t e s t e d  through 110 simulated mission cyc les  without s t ruc -  

t u r a l  f a i l u r e .  P:3 ~ a n e l s ,  ZYL-71 and SYL-72, had f i e l d  r e p a i r s  on the  s k i n ,  a s  

shown i n  t a b l e  12-4 ,  and pa!lel SYt-74 was t e s t e d  without r e p a i r s  on t h e  sk in .  To 

provlde a  reference  s tandard,  panel  SYL-70, wi thout  r e p a i r s ,  was not  exposed t o  

the  boost  a c o u s t i c  f a t i g u e  exposure cycles .  

Panels  SYL-71 and 72 were t h e  f i r s t  t o  be repa i red  by Sylvania us ing t h e  

focused r ~ d i a n t  lamp. As previously  descr ibed,  some d i f f i c u l t i e s  were experienced. 

Two r e p a i r  s i t e s  ou paiiel SYL-72 f a i l e d  a f t e r  22 and 44 r e e n t r y  p r o f i l e  c y c l e s ,  

a s  i l l u s t r a t e d  i n  f i g u r e  12-14. Oxidation f a i l u r e  occurred on t h e  per iphery  of 

t h e  r e p a i r  a r e a  pproximately 114 inch from t h e  o r i g i n a l  g r i t b l a s t e d  d e f e c t  s i t e .  

The molten s l u r r y  flowed d c r i n g  t h e  r e p a i r  c y c l e  t o  the  pe r iphera l  l i n e  i n  which 

t h e  f a i l u r e s  occurred. The s l u r r y  fus ion temperature (2350 t o  2400°F) was s u f f i -  

c i e n t  t o  d i s s o l v e  p a r t  of o r i g i n a l  R-512E coat ing,  bu t  t h e  temperature a t  t h i s  

po in t  was not  high enough t o  reform the  d e s i r e d  i n t e r m e t a l l i c  comp~und. The 



COATED COLUMBIUM 
TPS FIELD REPAIR FINAL REPORT 

REPORT MDC E0681 
15 SEPTEMBER 1972 

T a b l e  12-5 

OXIDATION TEST RESULTS OF FIELD REPAIR COATINGS EXPOSED TO SIMULATED 
FLIGHT CONDITIONS 

TYPE AND LOCATION OF REPAIR SITES 

CERAMIC FIELD ELPAIR SYLVANlA R-512E METCO PLASMA 
J-2 ISYL) N -2 

0-2 (SYLI REPLACEMENT MOLYBDENUM TOTALPANEL 
E-2 (VACI NO. H-1 (VAC! REPAIR DlSlLlClDE DEFLECTION - 

LAMP U M P  
OR 

INCHES 
OR BF! OR BR OR BR OR BR BR 

SYL-71 110 NF  110 N F  110 NF  110 NF 88 NF  11ONF 110 NF  22 F 110NF 110NF 0.012 
SYL-72 110 NF 110 NF  110 NF 110 NF 110 NF  110 N F  44 F 22 F 110 NF  110 NF  0.003 

NOT 110 NF  110 N F  110 N F  l l O N F  I 1 0  N F  110 N F  VAC-93 110 NF  110 NF  
TESTED TESTED 0.029 

NOT 110 NF  I l O N F  l l O N F  110 N F  110 N F  110 NF  VAC-94 110 N F  110 N F  TESTED TESTED 0.021 

SYMBOLS: 
F - FAILURE AFTER INDICATED NUYBER OF REUSE CYCLES 
NF - NO FAILURE AFTER INDICATED NUMBER OF REUSE CYCLES 
OR - REPAIR OVER RIB 
BR - REPAIR BETWEEN RI9S. 

OXIDATION 
FAILURE 

'I- . 
f - ". ." 

PANEL SYL-72 AFTER 22 REENTRY PROFILE CYCLES SHOWING OXIDATION 
FAILURES ADJACENT TO LAMP REPAIR SITE f Figure 12-14 
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problem was s a t i s f a c t c r r i l y  resolved 5y reducing t h e  heat  l o s s e s  from t h e  back of - \  i 
. . Z 

the  r e p a i r  a r e a  s o  t h a t  t h e  wetted a r e a  of t h e  molten s l u r r y  was ho t  enough t o  

reform the  c o r r e c t  : r o t e c t i v e  coat ing c o m ~ o s i t i o n .  While i t  was unfor tunate  t h a t  

these  e a r l y  f a i l u r e s  occurred, i t  is bel ieved t h a t  t h e  problem i s  understood and 

has been solved. The good p~r formance  of t h e  lamp r e p a i r  a reas  s q p o r t s  t h i s  

conclusion. The premature f a i l u r e s  on t h e  periphery of t h e  lamp. r e p a i r s  were 

f i e l d  repa i red  wi th  t h e  U-1 ceramic composition t o  prevent f u r t h e r  oxidat ion.  

This procedure of r e p a i r i n g  oxidat ion faq lu res  t o  permit  continued evaluat ion of 

an adjacent  a rea  was employed i n  a l l  panel  evaluat ions .  

One ceramic composition (0-2) a t  r e p a i r  s i t e  - on panel  SYL-71 f a i l e d  a f t e r  

88 reen t ry  p r o f i l e  cycles.  This p a r t i c u l a r  c o m p ~ s i t i o n  has been found t o  permit  

h igher  r a t e s  of oxygen pene t ra t ion  than t h e  o t h e r  t h o  ceramic compositions (5-2 .: I 
and N-2) when applied t o  t h e  R-512E coating.  One of t h e  molybdenum d i s i l i c i d e  !. ! 

r- 
plasma sprayed r e ~ a i r s  showed an oxidat ion f a i l u r e  a f t e r  110 p r o f i l e  cycles  a t  

r e p a i r  s i te 1 on panel  SYL-72. The f a i l u r e  was caused by t h e  panel edge cur l ing  

during t e s t i n g  and p u t t i n g  a d e f l e c t i o n  of approximately 0.08 inch across  t h e  

0.5-inch r e p a i r  s i t e  diameter. .i 
Y 

The primary c h a r a c t e r i s t i c  of panel  performance was c u r l i n g  of t h e  edges. r 

This occurred only i n  the  Cb-752 a l l o y  panels  and occurred on a l l  t h r e e  panels of 

t h i s  a l l o y ,  including t h e  unrepaired panel.  Two coat ing f a i l u r e s  were i n i t i a t e d  I: 

by t h i s  edge cur l ing.  The f i r s t  was discussed i n  connection with t h e  plasma spray .i 
. C 

repa i red  site. The second occurred on panel  SYL-72, i n  which an oxidat ion f a i l u r e  4 

occurred i n  t h e  r i b  t o  s k i n  weld a r e a  on t h e  end of the  panel  a f t e r  66 cyc les ,  a s  ! 
shown i n  f i g u r e  12-15. The s k i n  was trimmed of f  and t h e  a r e a  r e p a i r  codted with 

U-1  ccram,;c r e p a i r  composition. The panels  SYL-71, 72, and 74 a r e  shown i n  

f i g u r e  12-16 a f t e r  110 reen t ry  p r o f i l e  cycles .  The panels and r e p a i r  a reas  

performed s a t i s f a c t o r i l y .  

Panel  SYL-72 was metal lographical ly  sect ioned t o  examine each of t h e  r e p a i r s .  

No a d d i t i o n a l  f a i l u r e s  o r  immediately pending f a i l u r e  a reas  were noted. The zones 

of coatamination were general ly  lower than had been observed on previous panel  o r  

coupon t e s t s .  The contamination zones below the  ceramic and plasma sprayed r e p a i r s  

were between 2 and 5 mils. Figure  12-17 s h m s  t h e  5-2 ceramic r e p a i r  composition 

from r e p a i r  s i t e  c ,  loca ted  on t h e  s k i n  between t h e  r i b s .  The r e p a i r  was exce l l en t  

i n  a l l  r e spec t s  and was typ ica l .  The r e p a i r  a rea  i n  which t h e  R-512E coa t ing  was 

replaced wi th  t h e  Sylvania spo t  h e a t e r  is shown i n  f i g u r e  12-.1.8. The coat ing 
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AFTER REPAIR OXIDATION FAILURE 

457 -2876 
OXIDATION FAILURE OF PANEL SYL-72 AFTER 66 REENTRY PROFILE 

CYCLES CAUSED BY EDGE CURLING Figure 12-15 

th ickness  w a s  good and t h e  r e p a i r  a r e a  was p r o t e c t i v e  f o r  t h e  110 r e e n t r y  p r o f i l e  

cycles .  

12.4.2.2 Resu l t s  of C-129Y Alloy Pane l s  - Three C-129Y pane l s  wi th  t h e  VH-:09 

coa t ing  were t e s t e d .  Two panels ,  VAC-93 and VAC-94, were t e s t e d  wi tk  r e p a i r s  on 

t h e  s k i n ,  a s  shown i n  t a b l e  12-4. Panel  VAC-91was t e s t e d  wi thout  r e p a i r s .  None 

of t h e  f i e l d  r e p a i r  sites on e i t h e r  pane l  VAC-93 o r  pane l  VAC-94 f a i l e d  i n  oxida- 

t ion .  Each of t h e  VH-109 coated pane l s  had a few smal l  ox ida t ion  f a i l u r e s ,  

u s u a l l y  on edges. One common area of c o a t i n g  weakness which appeared toward t h e  

end of t h e  expoEdre c y c l e s  was on t h e  edge o f  t h e  r i b s .  Panel. VAC-93 showed 

numerous coa t ing  ox ida t ion  f a i l u r e s  on t h e  c e n t r a l  p o r t i o n  of t h e  r i b  a f t e z  88 

p r o f i l e  r e e n t r y  cyc les ,  as shown i n  f i g u r e  12-19. Both a c o u s t i c  and p r o f i l e  ioad- 

i n g  were terminated a f t e r  88 p r o f i l e  c y c l e s  because of t h e  p r o b a b i l i t y  of excess ive  

panel  d e f l e c t i o n s  dur ing subsequent cycles .  (See s e - t i o n  12.3.2.3 f o r  p a s t  exper i -  

ence wi th  C-129Y r i b  ox ida t ion  f a i l u r e s  .) The remaining two pane l s ,  VAC-91 anG 

VAC-93, showed t h e  same condi t ion  a f t e r  110 r e e n t r y  cyc les ,  but  t h e  load ing  d i d  

no t  have t o  be  terminated.  Panels  VAC-93, 94 and 9 1  a r e  shown i n  f i g u r e  12-21 

a f t e r  110 r e e n t r y  p r o f i l e  cycles .  

Metal lographic  examination of each o f  t h e  r e p a i r s  from pane l  VAC-93 was 

condacted. The good r e p a i r  performance observed v i s u a l l y  a f t e r  110 r e e n t r y  p r o f i l e  

cyc les  was v e r i f i e d  by t h e  metal lographic  r e s u l t s .  No pending f a i l u z e s  were noted 

and t h e  amount of contamination below t h e  r e p a i r  was very small ( 1  t o  5 m i l s ) .  

Figure 12-20 s h w s  a molybdenum d i s i l i c i d e  plasma sprayed r e p a i r  w i t h  only 5 m i l s  
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PANEL SYL-i4 

R-5lilE COATED Cb-752 ALLOY PANELS AFTER 110 FLIGHT SIMULATION 

457-2175 REUSE CYCLES Figure 12- ib 

of oxygen contamination below a dense a d h x c n t  r e p a i r .  F igure  12-22 shous two 

ceramic r e p z i r  composit ions,  E-2 and H - 1 ,  w i th  v i r t u a l l y  no contaminated zone. 

12.5 CONCLUSIONS OF PLYEL EVALUATLOX - The f i e l d  r e p a i r s  i n  a l l  cases  

performed s a t i s f a c t o r i l !  and were considered ready t o  be used i n  s e r v i c e .  The 

r e p a i r  which passed 110 r e e n t r y  f l i g h t  s imula t ion  c y c l e s  s a t i s f a c t o r i l !  were 
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J-2 CERAMIC REPAIR FROM PPNEL SYL-72 AFTER 116 REENTRY 
PROFILE CYCLES 

Figure 12 -17 

, 3 3 3 3  

R-512E REPAIR COATING APPLIE3 WITH SYLVANIA SPOT HEATER ON 
1 

a57 - 3 3 3 4  
PANEL SYL-72 AFTER 110 REENTRY PR0F;LE CYCLES 

Figurel2-!8 

MCDOUNPLL DOUGLAS ASTROUAUr#CS COMPAUV - EAlBT 
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PANEL VAC-93 AFTER 88 REENTRY PROFILE CYCLES SHOWING OXIDATION 
FAILURES ON THE RIB EDGES 

Figure  12-19 

- M i 2  REPAIR 

VH-109 COATING 

- C-129Y SKIN 

iOOX 
Fiqure 12 -20 

MoSi2 PLASMA SPRAY ED REPAIR OF PANEL VAC-93 

477 -333: 
AFTER 110 REENTRY PROFILE CYCLES 

app l i ed  t.:, f u l i - s i z e ,  20 by 20-inch, r i b  --i. '.ened pane l s ,  which were s u p p l i e d  t o  

XASA-XSFC f o r  eva lua t ion .  The r e p a i r s  considered t o  he  ready f o r  s e r v i c e  and 

supp l i ed  t o  ?SFC vere: 

a) f o r  c!:e R-SIZE coated Cb-752 

o Splvznia  lamp replacement of s i l i c i d e  c o a t i c g  

o plasma deposi ted  molybdenum d i s i l i c l d e  

o c e r a ~ i c  conposi t ion 5-2 

o c e r a i c  composition S-2 

MCOONi . 9UOLAS ASTROUAUTICS COMPANV - E A b t  
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7 ACCIDENTAL 

PANEL VAC-93 

VH-109 COATED C-129Y ALLOY PANELS AFTER 110 FLlGHT SIMULATION 
REUSE CYCLES 

a+- - : e s ~  Figure i2-21 

MCbOUlV4FLL OOUGLBS ASTRONAUT8CS COMPANY - Eabf 
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C-129Y SKIN - 

E-2 REPAIR COMPOSITION 250X 

- C-129Y SKIN 

H-1 COMPOSITION 
. - 

CERAMIC REPAIR ON PANEL VAC-93 AFTER 110 REENTRY PROFILE CYCLES - 
4 5 7 - 3 3 3 6  

i Figure 12 -22 
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b) for the VH-109 coated C-129Y 

o Sylvania lamp replacement o f  s i l i c i d e  coating 

o plasma deposited molybdenum d i s i l i c i d e  

o ceramic composition E-2 

o ceramic composition H-1. 
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A v a r i e t y  of  d i f f e r e n t  f i e l d  r e p a i r  coa t ings  was developed and :he adequacy 

of these r e p a i r  systems has  been demonstrated on 3 by 12-inch panel  specimens 

subjected t o  f l i g h t  s i m ~ l a t i o n  t e s t i n g .  The f i n a l  demonstrat ion was t o  apply  the  

proven f i e l d  r e p a i r s  t o  f u i l - s i z e  r i b  s t i f f e n e d  panels.  

The design of the  20 by 20-inch r i b  s t i f f e n e d  panels  was descr ibed i n  s e c t i o n  

4 and the  f a b r i c a t i o n  and coa t ing  a r e  covered i n  s e c t i o n  3. I t  was decided t o  

apply 4 d i f f e r e n t  types  of  r e p a i r s  t o  a t o t a l  of  20 d i f f e r e n t  s i t e s  cn  t h e  panel  

sk in .  Figure 13-1 shows t h e  r e p a i r  s i re  l o c a t i o n s  and type of r e p a i r .  The d e f e c t s  

to  be repa i red  were formed by g r i t b l a s t i n g  t h e  coa t ing  from the   ski^ i n  t h e  
2 

des i red  l o c a t i o n s  us ing 220 mesh aluminum oxide  a t  a p ressure  of 40 l b / i n  . The 

d e f e c t s  f o r  the  R-512E replacement r e p a i r s  wi th  t h e  s p o t  h e a t e r  and t h e  d e f e c t s  

f o r  molydbenum d i s i l i c i d e  plasma spray  were 118 inch  i n  diameter.  The d e f e c t s  

f o r  r e p a i r  wi th  t h e  ceramic compositions were 114 inch  i n  diameter. 

The r e ~ a i r s  were app l i ed  by the  methods der ived on t h i s  program and descr ibed 

i n  the  appropr ia te  s e c t i o n s  of t h i s  r epor t .  (Lamp replacemeat of  R-512E is 

described i n  s e c t i o n  11, the  plasma spraying ,.t s e c t i o n  10,  and t h e  ceramic 

r e p a i r s  i n  s e c t i o n  7 and appendix C.)  As a f i n a l  proof inspec t ion ,  each of the  

panels  w a s  heated t o  2200°F f o r  10 minutes i n  an  a i r  atmosphere furnace.  Each of  

the  40 r e p a i r  sites was fully p r o t e c t i v e  and funct ioning normally. The phys ica l  

handling involved i n  de fec t ing ,  r e p a i r i n g ,  and inspec t ing  20 s e p a r a t e  a r e a s  on 

each panel  produced a genera l  s o i l i n g  of the  s k i n  su r face .  The panels  were cleaned 
2 

by aluminia g r i t b l a s t i n g  a t  15 l b / i n  p ressure .  The s u r f a c e  removal w.;s not  

measureable by micrometer b u t  is nominally 0.1 t o  0.2 m i l .  The panels  i n  genera l  

had a good appearance and a r e  shown i n  f i g u r e s  13-2 and 13-3. 
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REPAIR OF 2 0  B Y  20-IN. R I B  STIFFENED PANELS 
REPAIR C-129Y Cb-752 

SITE VH-109 R-512E 
a E-2 CERAMIC I - ?  CERAMIC 
b 5Y LVANIA L A V P  SYLVANIA LAMP 
c ' H-1 CERAhlIC N-2 CERAMIC 
d H-1 CERAMIC N -2 CERAMIC 
e hloSi2 PLASMA SPRAY MoSi2 PLASMA SPRAY 
f MoSi2 PLASMA SPRAY MoSi2 PLASMA SPRAY 
g E-2 CERAMIC 1-7 CERAMIC 
h SY LVANIA LAMP SYLVANIA LAMP 
I E-2 CERAMIC J-2 CERAMIC 
I H-l CERAMIC N-2 CERAMIC 

I k E-2 CERAMIC 1-2 CERAMIC 
1 1  h-1 i E R A M l C  N-2 C E R A l l C  

m MoS$ PLASMA SPRA'r MoSi2 PLASMA SPRAY 
F H-1 CERAMIC N-2 CERAMIC 
o SYLVAN lA  LAMP SYLVANIA LAMP 
P SYLVANIA I A M P  SY LVANIA  LAMP 
1 E-2 CERAMIC J-2 CERAMIC 
r E-2 PFRAMIC J-2 CERAMIC 
s 3loSi2 PLASMA SPRAY MoSi2 PLASMA SPRAY 
t H-1 CERAMIC N-2 CERAMIC 

P A N E L  € 

P A N E L  

REPORT W)C Em1 
15 SEPTEMBER 1972 

NOTES: 1) SKIN SIDE IS'UP. 
R I B  WELDS 

;c7 . 3 3 3 -  REPAIR SITE LOCATIONS FOR 20 BY 20-INCH PANELS 
13-2 

Figure 13- 

MCbOUlVPLL DOUOUS ASTIOUAWCS COMPANY ' I A m T  
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FULL SlZE Cb-751 R-512E RIB STIFFENED PANEL WlTH 
FIELD REPAIR COATINGS 

Figure 13 -2 

FULL SlZE C-129Y/VH-109 RIB STIFFENED PANEL WITH 
FIELD REPAIR COATINGS 

Figure 13 -3 
I 

\ MCDONNPLL bOUOLAS AS'IRONAU78CS COMPANY - &A-T 
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The following conclusions and recommendations were drawn from the  r e s u l t s  of 

t h i s  f i e l d  repa i r  program: 

14.1 COATING DAMAGE TOLERANCE - It is diffic1l7.t t o  a s s i g n  q u a n t i t a t i v e  values  

t o  coa t ing  damage to le rance  hecause of the  n u l t i p l i c i t y  of poss ib le  condi t ions  

causing damage and t h e  v a r i e t y  o f  hardware conf igurat ions .  Coated co:urnbium hard- 

ware s h ~ u l d  be handled wi th  reasonable ca re ,  b u t  t h l s  i s  equa l ly  t r u e  f o r  any aero- 

space m e t a l l i c  mate r ia l ,  p a r t i c u l a r l y  when used i n  t h i n  gages. The coat ings  have a 

s i g n i f i c a n t  amount of damage to le rance  and a r e  i n  no way a hypersens i t ive  n a t e r i a l .  

When damage does occur,  i t  can e a s i l y  be assessed by v i s u a l  inspect ion.  I n  

each of the  types of damage s tud ied ,  l e v e l s  of damage were demonstrated t h a t  d id  

not  a f f e c t  coa t ing  l i f e .  Therefore,  one need no t  be concerned about not de tec t ing  

damage t h a t  should be repaired.  There w i l l  be a minor problem i n  educating 

inspect ion personnel t o  recognize t r u e  damage s o  t h a t  excess  amounts 3f needless 

r e p a i r s  a r e  no t  conducted. 

The f i n a l  quest ion of t h e  consequences r;f s u s t a i n i n g  damage t o  the coati.ng, 

which is no t  datected and repa i red ,  was d e a l t  wi th  e f f e c t i v e l y .  I f  the  coat ing is 

t o t a l l y  r . ~ o v e d  from a smal l  area t h e r e  a r e  no s t r u c t u r a l  o r  aerndynamic conse- 

quences f o r  more than one reen t ry .  Estimates f o r  ho le  fo rna t ion  through a t h i n  

(0.010-inch) s k i n  on a panel range from 3 t o  1 0  r e e n t r y  cyc les  reaching 2400°F. 

Therefore,  t h e r e  is s i g n i f i c a n t  time t o  d e t e c t  columbium ox ida t ion  and terminate  

i t  with e f f e c t i v e  r e p a i r s .  The formation of h o l e s  i n  a s k i n  is the  cand i t ion  

which must be  prevented i n  o rder  t o  s t o p  h o t  boundary l ayer  gasses  from e n t e r i n g  

the  vehicle.  No panel s t r u c t u r a l  f a i l u r e s  due t o  s k i n  ox ida t ion  were observed 

through 50 reen t ry  f l i g h t  s imulat ion cycles .  

14.2 FIELD REPAIRS - Three types of f i e l d  r e p a i r  were developed which a r e  

ready and q u a l i f i e d  f o r  a p p l i c a t i o n  t o  an o p e r a t i o n a l  columbium system. The 

f i r s t  method employs a ceramic composition which is painted o r  sprayed on. Upon 

f u s i a r .  e i t n e r  before o r  dur ing s e r v i c e ,  f o r  5 minutes a t  2100°F tt,e r e p a i r  

s t o p s  oxidat ion under reen t rv  cond i t ions  f o r  over 100 mission cycles .  Associated 

wi th  t h e  ceramics is a smal l  amount of oxygen s o l u t i o n  below t h e  r e p a i r  which is  

l e s s  than 0.008 inch deep and causes no s t r u c t u r a l  problem. 

The second method provides f o r  t h e  r e a p p l i c a t i o n  of the  o r i g i n a l  fused s l u r r y  

.' s i l i c i d e  coating.  A n  inexpensive focused r a d i a n t  lamp is the  only equipment 
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14. CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions and recommendations were drawn from the  r e s u l t s  of 

t h i s  f i e l d  repai: program: 

14.1 COATING DAMAGE TOLERANCE - It is dif f icu1. t  t o  a s s i g n  q u a n t i t a t i v e  va lues  

t o  coa t ing  damage to le rance  because of the  m u l t i p l i c i t y  of p o s s i b l e  cond i t ions  

causing damage and t h e  v a r i e t y  of hardware conf igura t ions .  Coated columbium hard- 

ware s h ~ u l d  be handled wi th  reasonable  c a r e ,  b u t  t h l s  is equa l ly  t r u e  f o r  any aero- 

space meta l l i c  m a t e r i a l ,  p a r t i c u l a r l y  when used i n  t h i n  gages. The coa t ings  have a 

s i g n i f i c a n t  amount of damage to le rance  and a r e  i n  no way a hypersens i t ive  inater ia l .  

When damage does occur ,  i t  can e a s i l y  be assessed by v i s u a l  inspect ion.  I n  

each of the  types of damage s t u d i e d ,  l e v e l s  of  damage were demonstrated t h a t  d id  

no t  a f f e c t  coa t ing  l i f e .  Therefore,  one need no t  be concerned about not  d e t e c t i n g  

damage t h a t  should be repai red.  There w i l l  be  a minor problem i n  educat ing 

inspec t ion  personnel t o  recognize t r u e  damage s o  t h a t  excess amounts of needless  

r e p a i r s  a r e  no t  conducted. 

The f i n a l  ques t ion of  t h e  consequences of s u s t a i n i n g  damage t o  the  coat; ng, 

which is not  detected and repa i red ,  was d e a l t  wi th  e f f e c t i v e l y .  I f  the  coa t ing  is 

t o t a l l y  r.loved from a small a r e a  t h c r e  a r e  no s t r u c t u r a l  o r  aer-dynamic conse- 

quences f o r  more than one reentry .  Estimates f o r  ho le  formation through a t h i n  

(0.010-inch) s k i n  on a panel  range from 3 t o  10  r e e n t r y  cyc les  reaching 2400°F. 

Therefore,  t h e r e  is s i g n i f i c a n t  time t o  d e t e c t  columbium ox ida t ion  and terminate  

i t  wi th  e f f e c t i v e  r e p a i r s .  The formation of ho les  i n  a s k i n  is t h e  cond i t ion  

which must be  prevented i n  o r d e r  t o  s t o p  h o t  boundary l a y e r  gasses  from e n t e r i n g  

the  vehic le .  No panel  s t r u c t u r a l  f a i l u r e s  due t o  s k i n  ox ida t ion  were observed 

through 50 r e e n t r y  f l i g h t  s imulat ion cycles .  

14.2 FIELD REPAIRS - Three types  of f i e l d  r e p a i r  were developed which a r e  

ready and q u a l i f i e d  f o r  a p p l i c a t i o n  t o  an  o p e r a t i o n a l  columbium system. The 

f i r s t  method employs a ceramic composition which is  pa in ted  o r  sprayed on. Upon 

f u s i a r ,  e i t n e r  before  o r  dur ing s e r v i c e ,  f o r  5 minutes a t  2100°F the  r e p a i r  

s t o p s  ox ida t ion  under r e e n t r y  cond i t ions  f o r  over  100 mission cyc les .  Associated 

w i t h  the  ceramics is a small amount of  oxygen s o l u t i o n  below the  r e p a i r  which is  

l e s s  than 0.008 inch deep and causes no s t r u c t u r a l  problem. 

The second method provides  f o r  the  r e a p p l i c a t i o n  of t h e  o r i g i n a l  fused s l u r r y  

s i l i c i d e  coat ing.  An inexpensive focused r a d i a n t  lamp is the  only equipment 
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r equ i r ed  and t h e  r e p a i r  is e f f e c t e d  i n  a 2-minute p rocess ing  c y c l e  a t  2700°F. 

F l i g h t  s i z e  hardware has  beer  -%pai red  wi th  only  minor d i s t o r t i o n  of t h e  s k i n  due 

t o  l o c a l  hea t ing .  The r e p a i r s  a r e  a s  e f f e c t i v e  a s  t h e  o r i g i n a l  c o a t i n g ,  l a s t i n g  

i n  excess  of  100 r e e n t r y  cyc le s .  

The f i n a l  method e f f e c t s  a l o c a l  r e p a i r  by apply ing  molybdenum d i s i l i c i d e  by 

plasma snraying .  P o r t a b l e  plasma sp ray  equipment can be  e a s i l y  used i n  t h e  f i e l d  

and t h e  r e p a i r  is f u l l y  p r o t e c t i v e  wi thou t  h e a t i n g  o r  fu s ion .  The l i f e  of  t h e  

molybdenum d i s i l i c i d e  r e p a i r  is i n  excess  of  1 C O  c y c l e s  and, l i k e  t n e  ceramic 

r e p a i r s ,  a sma l l  zone of oxygen s o l u t i o n  is formed below t h e  r e p a i r  which i s  not  

d e t r i m e n t a l  t o  p a n e l  performance. 

Each o f  t h e  r e p a i r s  i s  easy  t o  apply ,  inexpens ive ,  and r e l i a b l e .  They cap a l l  

be h igh lv  recomnended and each may have some c o n t r a s t i n g  s u b t l e  advantages o r  d i s -  

advantages f o r  n p a r t i c u l a r  a p p l i c a t i o n .  

1 4 . 3  C'JLUMBTUM PANEL PERFORMANCE - Rib s t i f f e n e d  p a n e l s ,  w i t h  and wi thout  

f i e l d  r e p a i r s  c o a t i n g s  on the  s k i n ,  s u c c e s s f u l l y  performed :or 110 r e e n t r v  f l i g h t  

s i m u l a t i o n  cyc le s .  The f l i g h t  s i m c l a t i o n  inc luded  s t a t i c  boos t  l o a d s ,  boos t  

a c o u s t i c  l oad ing ,  and s imul taneous  r e e n t r y  f l i g h t  cond i t ions  of  tempera tures ,  a i r  

p r e s s u r e  and bending stress as a  func t ion  of  t i m e .  These comprehensive e v a l u a t i o n s  

e s t a b l i s h e d  coated columbium as a viz;ble thermal  p r o t e c t i o n  m a t e r i a l  system. 

14.4 COLUMBIUM PANEL FABRICATION - The technology f o r  manufacturing h igh  

q u a l i t y  r i b  s t i f f e n e d  pane l s  was e s t a b l i s h e d .  The program a l s o  employed s i n g l e  

faced  vee  co r ruga ted  pane l s  (7  by 7 inches)  manufactured by forged  upse t  d i f f u s i o n  

j o i n i n g .  This  p rocess  has  t h e  p o t e n t i a l  of  making h igh  q u a l i t y  h e a t s h i e l d  p a n e l s  

a t  an a t t r a c t i v e  c o s t .  I t  is  recommended t h a t  t h i s  p rocess  be i n v e s t i g a t e d  fu r -  

t h e r  i n  con j u n c t i ~ n  w i t h  o t h e r  des ign  and manufacturing approaches t o  ds termine  

t h e  minimum product ion  c o s t s  f o r  f a b r i c a t i n g  and c o a t i n g  r e l i a b l e  columbium 

panels .  

14.5 COLU?IBIUM HEAT SKIEL2 PANEL REFURBISHMENT - This program has  demonstra- 

t e d  t h a t  e f f e c t i v e  c o a t i n g  r e p a i r s  can b e  e a s i l y  a p p l i e d  i n  t h e  f i e l d  v i t b o u t  

removing t h e  p a n e l s  from t h e  v e h i c l c .  I n  t hose  c a s e s  i n  which daniage h s s  been 

s u s t a i n e d  by t h e  unde r ly ing  columbium and t h e  p a n e l  must b e  remove,', t h e r e  a r e  

many p o t e n t i a l l y  a p p l i c a b l e  r e p a i r  ne thods  f o r  r e p a i r i n g  t h e  s u b s t r a c e  and r ecoa t -  

i ng .  Thus, p a n e l s  could b e  r e f u r b i s h e a ,  e i t h e r  a t  a  f a c t o r y  o r  a t  an o p e r a t i o n a l  

base ,  and r e t u r n e d  t o  s e r v i c e  t o  e f f e c t  a c o s t  s a v i a g  ove r  r e p l a c i n g  and d i s c a r d i n g  

the  damaged pane l .  I t  is t h e r e f o r e  recommended t h a t  a  re furb ishment  s tudy  ba 

i n i t i a t e d  t o  develop and demonst ra te  r e p a i r  procedures .  

14-2 
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APPENDIX A 

CERAMIC FIELD REPAIR COMPOSITIONS 

A. ** 1 )  60 gm Pf r e x  f r i t ,  /I7740 

30 gm A1203 

10  gm Boron 

110 m l  Ceni lac  

2) (MRC-3 Composition) 

6.9 gm Saue re i sen  No. 8 

2.1 ml D.H20 

2) 1st Overcoat  

40 gm Pyrex f r i t  17740 

20 gm A1203 

3) 2nd Overcoat 

19 m l  Syton 

4 )  1-hour a i r  d r y o r 1 1 2 h o u r  @ 1 7 0 ° F .  

1) Basecoat 

7.0 gm S a u e r r i s e n  No. 6 

1.7 m l  D i s t i l l e d  H20 

2) Overcoat  

2.0 gm Pyrex f r i t  #:740 

REPORT MDC E0681 
15 SEPTEMBER 1972 
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D .  ** 1 )  60 gm Pyrex f r i t ,  /I7740 

30 gm A1203 

5 gm Boron 

110 m l  Cenilac 

E.** 1 )  2.0 gm Ceramacast 505 

1 .0  gm A1233 

0 .3  gm Boron 

2.0 m l  D i s t i l l e d  H20 

1)  0.8 gm A1203 

1 .5  gm Pyrex f r i t  #7740 

REPORT MDC E0681 
15 SEPTEMBER 1972 

2) Air d r i e d ,  then propane torched (2-112 inch d i s t a n c e )  f o r  30 

seconds. 

2.0 gm Ceramacast 505 

1.0 m l  D i s t i l l e d  ?i20 

2) Overcoat 

MRC-3 wi th  1 / 2  the  a m u n t  of Boron. 

H. * 1) 2.0 gm Ceramacast 505 

1.0 m l  D i s t i l l e d  H 0 
2 

I.* ') 1.0 gm A l 2 O 3  

1.0 m l  Ceni lac  (b inder)  

J .  * 1 )  1.0 gm A l 2 O 3  

2.0 gm Pyrex f r i t  U7740 

0.5 gm CbSi2 

3.5 m l  Cenilac 

2) A i r  d r i e d ,  then propane torched (2-112 inch d i s t a n c e )  f o r  30 

seconds. 
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K.* 1 )  1.0 gm Pyrex f r i t  
1 
i 1.0 m l  Cenilac 

L.* 1 )  ?.O gm CbSi2 

I 0.2 gm NaF r 
B 2.2 m l  Syton 

FINAL REPORT 

M.* 1 )  1.0 gm Pyrex f r i +  U7740 
i 1.0 83 CbSi2 

2.0 m l  Syton 

i N.* 1 )  1.0 p Pyre;; f r i t  !I7740 

1 .0  gm CbS12 

2.0 m l  Cenilac 

0. * 1 )  1.0 gm Pyrex f r i t  t7740 .. 

I P.* 1 )  1.0 gm Pyrex f r i t  117740 

1 .0  gm CbSi 
2 

0 .1  gm Boron 

REI")RT MDC E0681 
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2 .1  m l  Cenilac 

R. 1 )  60% S i  - 29% C r  - 20% Fe (-325 m e ~ h  a l l o y ,  99.9% P u r i t y )  Flame 

Sprayed. 

2) O2 @ 30 p s i  

Ac @ 30 p s i  

4 p j s s e s  f o r  preheat  a t  3 inches from specimen. 

Feed speed set a t  18.  

25 passes a t  apprcximately 2 inches/second and 2-112 inches from 

specimen. 

S.** 1 )  1.0 gm 60% Si - 20X C r  - 20X Fe (a l loy)  

1.0 m l  Ceni lac  
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1 m l  D i s t i l l e d  H20 

! ) 4 gii i aue re i sen  #8 

1 gm *l2O3 

1 m l  D i s t i l l e d  H20 

1 )  4 g m A l O  
2 3 

1 gm Pyrex f r i t  17740 

5.5 m l  Cenilac 

1 )  Sasecoat 

1.0 gm CbSi2 

2.5 gm SiC 

6.9 gn Sauereisen 

2.1 m l  D i s t i l l e d  H20 

2) Overcoat 

4.0 gm A1203 

l . G  gm Pyrex f r i t  #7740 

5.5 m l  Ceni lac  

1 )  4.0 gm Sauereisen U8 

1.0 gm 60% S i  - 20% C r  - 20% Fe (a l loy)  

1 .0  m l  D i s t i l l e d  H20 

1 )  1.0 gm CbSi2 

1.0 gm 60% S i  - 20% C r  - 20% Fe ( a l l o y )  

1.0 gm Pyrex f r i t  t7740 

3.3 ml Ceni lac  

1 )  4.0 gtn Sauereisen 18 

1.0 gm 60% S i  - 20% Cr - 202 Fe ( a l l o y )  

1.0 m l  D i s t i l l e d  H20 
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B-1. 1)  Sasecoat 

Liquid gcld conversion ccat (brush application - 500°F for 112 

hour!. 

**?I a e r c o a t  

2.0 jiz 602 Si - 2GI Cr - 20% Fe (al loy)  

3.0 gm S i c  

10.0 gra Sauereiscn E8 

3.3 ;ni Dist i l l ed  H20 

8.6 gz :,l 0 
2 3 

4.0 gm Pyrex f r i t  

0.26 g m  Boron 

4.0 gm Xl,G 
L 3 

4 . 3  gm Pyrex f r i t  47740 

8.e ml Cenilac 

8.0 gm A1203 

2.0 gm Pyrex f r i t  f7740 

11.0 ml Cenilac 

2.0 gm CbSi2 

2.0 gt. 60% S i  - 20% Cr - 20% Fe (al loy)  

2.0 gm Pyrex f r i t  17740 

7 . ~  ml Cenilac 

2.0 gm CbSl2 

2.0 ,m 60% 51 - 202 Cr - 20% Fe (al loy)  

2.0 gs Pyrex f r i t  Y7740 

3 .33 gi Boron 

7.0 rnl Ce-.ilac 
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1-1. ** 6.0 gm Pyrex f r i t  W7740 

4.0 gm XlL03 

1.0 gm Boron 

12.0 m. Cenilac 

6.C gui Pyrex f r i t  

4.0 gm U 2 0 3  

0.5 gm Eoron 

12 .0  m l  Cenilac 

K - l  . * 1.0 gm Boron 

4.0 in1 Cenilac 

L-1 . *1) be -coa t  

1.0 gm Boron 

4.0 ml Cecilac 

**2) Overcoat 

1.0 gm Boron 

1.0 gm M203 

4.5 ml Cenilac 

H-1. *1) k s e c o a t  

1.u gm Boron 

4.0 m l  Cenilac 

**2) OVercoft 

2.0 gm CbSi2 

2.0 p;m 60% S i  - 20% C r  - 20% Fe (alloy) 

2.0 gm Pyrex f r i t  t7740 

7.3  m l  Cenilac 

N-1.  *1) Rasecoat 

1.0 g- Eoror 

4.0 ml Cenilac 

REPORT I)C €0681 
is SEPTE~ER 1972 
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**2) Overcoat 

60 gm Pyrex f r i t  87740 

30 gm 

'0 gm Boron 

110 gm Cenilac 

0-1. ** 4.0 gm Sauereisen B8 

1.0 gm CbSi 
2 

1.0 gm 60% S i  - 20% C r  - 20% Fe (al;ov) 

1.0 gm Pyrex f r i t  87740 

0.17 gu Boron 

1.5 m l  Dis t i l l ed  K20 

1.0 gm CbSi 2 
1.0 gm Pyrex f r i t  47740 

0.17 gm Boron 

2.2 m l  Cenilac 

1.0 gm CbSi2 

1.0 gm ?yrex f r i t  17740 

0.17 gm Boron 

0.60 gm Si l icon  (-325 mesh) 

3.3 ml Cenilac 

1.0 gm CbSi2 

1.0 gm ?yrex f r i t  87740 

0.17 gm Boron 

0.20 gm Chromium (-325 mesh) 

1.0 gm CbSi2 

1.0 gm Pyrex f r i t  #7740 

0.17 gm Boron 

0.20 gm I ron  (3 micron) 

2.6 m l  Cenilac 
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U-l .*  1.0 .;a Pyrex f r i t  #7740 

0.17 gm Boron 

1.3 m l  Cenilac 

REPORT IDC €0681 
15 SEPTWBER ign 

V-1 . ** 1)  Basecoa; 

Liquid gold conversion coat  (brush appl icat ion - 50QJF fo r  112 

hour). 

4.0 gm Pyrex f r i t  $7740 

9.0 m l  Cenilac 

W-1. *** 8.0 gm U 2 O 3  

4.0 gm Pyrex f r i t  $7740 

13.7 u2 Cenilac 

S-l.** 1.0 gm 60% S i  - 20% C r  - 22% Fe, a l l oy  metal powder 

0.1 gm Boron, amorphous 

1.0 m l  Cenilac 

Y-l.** 2.0 gm Pyrex f r i t ,  87740 

2.0 gm 60% S i  - 202 C r  - 20% Fe, a l l oy  metal powder 

0.33 gin Boron, amorphous 

5.0 ml Cenilac 

2-I.** 0.6 g m  Pyrex f r i t ,  t7740 

0.3 gm 60% S i  - 20% C r  - 2GX Fe, a l l oy  metel powder 

0.1 gm Boron, amorphous 

1.1 m l  Cenilac 

A-2.** 2.0 gm Pyrex f r i t ,  t7740 

0.34 gm Boron, amorphous 

2.0 m l  Krylon aluminum spray pa in t  
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B-2.** 2.0 g= Pyrex f r i t  it7740 

0.3$ ga Boron 

2.0 n l  Krylon spray,  c l e a r  (So. 1303) 

C->** 1 gm Boroc 

2.0 nl Krylon aluminum spray p a i n t  (Xo. 1402) 

!L7.**  I .O gs 60% S i  - 20% C r  - 202 Fe (a l l ay& powder) 

1.0 gm Boron 

2.0 ml Krylon spray,  c l e a r  (KO. 1303) 

KEPORT MDC E M 1  
15 SEPTEMBER 19E 

E-2.** 1.0 gm Pyrex f r i t  P7740 

0.17 gm Boron 

2.0 LL Supersatura ted  s o l u t i o n  of Zein i n  denatured a lcoho l ,  he re in  

des ignated "Alze" 

F-2.** 5-1, 3 m i l s  t h i c k  

H-1, 1st overcoat ,  12  m i l s  t h i ck  

A-2, 2nd overcoat ,  2 mils t h i c k  

G2.** H - l ,  3.5 m i l s  t h i c k  

A-2, 3.6 m i l s  t h i c k  

H-L.** 2.0 gm Pyrex f r i t  t7740 

0.34 gm Boron 

2.0 m l ,  P r a t t  & Lambert aluminum p a i n t  (No. 7897) 

I-2.** 2.0 gmPyrex f r i t  #7749 

0.34 gm Boron 

2.0 m l  Phelan's  aluminum p a i n t  (No. 292) 

5-2.** 1.0 gm Pyrex f r i t  t7740 

0.17 gm Boron 

O.i3 gm 3XD aluminum powder 

2.0 m l  Alze 
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K-2. * A  2-1 + 3XD aluminum powder (10: 1 )  

L-2.** A-1 + 3'V) aluminum powder (10:l) 

?!-2.** H-1 + 3SD aluminum powder (10:l)  

S-7.** 0.6 gm Fyrex f r i t  #7i40 

0.3 gm A1203 

0.1 gm Boron 

0-2.** 0.2 gm Pyrex f r i t  /I7740 

0.3 gm CbSi., .. 
0.2 gm 602 S i  - 202 C r  - 207 Fe (a l loyed powder) 

0.03 gm Boron 

1.5 m l  Alze 

P-2.** 0.6 gc Tyrex f r i t  #7740 

0 . 3  gm_ A1 0 
2 3 

0.1  gm Boron 

0.2 gm 3XD aluminum powder 

2.0 m l  Alze 

R-2."" 0.2 gm Pyrex f r i t  87741) 

0.2 gm CbSi2 

0.2 gm 602 S i  - 20% Cr - 20% Fe (a l loyed powder) 

0.03 gm Boron 

0.01 gm 3XP aluminum powder 

1 . 3  m l  Alze 

S-2.** i . 0  gm Pyrex f r i t  U7740 

0.5 gm S i l i c o n  

0.17 gm Boron 

?.O m l  Alze 

REPORT lllDC Em1 
15 SEFfEIIIBER 1972 
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T-2.** 1.0 gm Pyrex f r i t  

0.5 gm Si l icon  

0.05 gm 3XD aluminum powder 

3.17 gm Soron 

2.0 ml Alze 

FINAL REPORT 

U-2.** 0.6 gm Pyrex f r i t  #7740 

0.3 gm U203  

0.1 gm Boron 

1.0 m l  Krylon spray, c l e a r  (no. 1303) 

V-2.** 1.0 ,a Pyrex f r i t  #7740 

0.3 gm B203 

1.0 ml Alze 

W-2.** 1 . 3  gm Pyrex f r i t  #7740 

0.05 gm B4Si 

1.0 m l  denatured alcohol 

X-2.** 0.6 gm Pyrex f r i t  87740 

0.3 gm A1203 

0.3 gr, B4Si 

i . 2  rnl Cenatured alcohol 

Y-2.** 0.5 gm Pyrex f r i t  $774- 

0.5 gm CbSi2 

0.5 gm 60% S i  - 20% C r  - 20% Fe (alloyed powder) 

2.0 m l  denatured alcohol  

Z-2.** 1.0 gm Pyrex f r i t  #?740 

0.05 gm B4Si 

1.0 m l  Ceni lac 

REWRT WDC E0681 
15 SEPTEMBER 1972 L 
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A-3.** 1.C gm Pyrex f r i t  /I7740 

0.05 gm B4Si 

1 . 0  m l  Alze 

FINAL REPORT 
REPORT OC €0681 
15 SEPTENBER 1972 

* Hand mixed u n t i l  homogeneous 

** Ball-milled 1 hour 

*** Ball-milled 2 hours 
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( APPENDIX b - TEST MATERIALS 
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Columbium a l l o y  (Cb-752) h-512E Sy lvan ia  coa t ed  s p e c i ~ ~ n s ,  2 x 2.25 :: 0.025 
inch  and 1 x 2.25 x 0.025 i,?ch. 

Columbium a l l o y  (C-129Y) VH-109 VAC-HYP coa t ed  specimens,  2 x 2 x 0.027 inch  
and 1 Y 2 x 0.027 inch .  

Pyrex f r i t  No. 774G (-325 mesh). 

Al 0 (-270 mesh). 
2 3 

Boron, amorphous, (-325 mesh). 

Cen i l ac  (6 p a r t s  C e l l u l o s e  n i t r a t e  l a c q u e r  t o  5 p a r t s  TTT 226 l a c q u e r  
C l inne r )  . 

Columbiurc s i l i c I d e  (-325 mesh). 

S i l i c o n  Carb ide  (-325 meshj. 

D i s t i l l e d  water. 

P o s i t i v e  S o l ,  (PS-7), AL 3 s t a b i l i z e d  c o l l o i d a l  s i l i c a .  
2 3 

+ 
Syton,  Nii4 s t z b l i i z e d  c o l l o i d a l  s i l i c a .  

AC-55 ( a c r y l i c  emulsion) .  

Ceramacast 505. 

Columbium Al uminide (-325 mesh). 

Sodium F l u o r i d e ,  r e a g e n t  grade .  

60% S i  - 20% C r  - 20% Fe (-325 mesh a l l o y ;  99.9% p u r i t y ) .  

S i l i c o n  (-325 mesh). 

Chromium (-325 mesh). 

I r o n  ( 3  microns) .  

L iquid  Br igh t  Gold (conlrersion)  , Hanovia. 

Tungsten me ta l  powder, p u r i f i e d .  

Tantalum (-325 mesh). 

B- 1 
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24. Hafnium (8 microns). 

25. Sodium S i l - i c a t e  Solut ion,  Technical  (40-42' Be'). 

26. Krylon aluminum spray p a i n t  (No. 1402). 

27. Krylon spray,  c l e a r  (No. 1303). 

28. Alze, (supersa tura ted  s o l u t i o n  of Zein i n  denatured a lcoho l ) .  

29. P r a t t  6 Lambert aluminuln p a i n t  (No. 7897). 

30. Phelan 's  aluminum p a i n t  (No. 292). 

31. Reynolds 3XD aluminum powder. 

32. S i l i c o n  (325 mesh). 

33. Denatured a lcohol .  

34. Boron s i l i c i d e  (200 mesh). 

8-2 
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APPENDIX C 
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PROCEDURE FOR APPLICATION OF A CERAMIC REPAIR COAT TO R-512E COATED Cb-752 
ALLOY OR VH-109 COATED C-129 ALLOY 

1. Damaged a r e a  t o  be prepared and c l e a n e i  by g r i t  b l a s t i n g :  

a .  The d e f e c t  a r e a  and 1132-inch surrounding t h i s  a r e s  s h a l l  be exposed by 

masking o f f  t h e  surrounding a r e a  a t  l e a s t  8 inches  from d e f e c t  wi th  a 

double th ickness  of p l a t e r s  tape .  A 118-inch t h i c k  aluminum template may 

be  used i n s t e a d  of t h e  tape .  

b. The exposed a r e a  is then sub jec ted  t o  fused aluminum oxide (-220 mesh; 

g r i f ,  us ing a s u c t i c n  g r i t b l a s t e r  wi th  a 40 l b s / i n 2  a i r  p ressu re  througk 

a 318-inch nozzle  a t  a d i s t a n c e  of 3-114 inches .  The l e n g t h  of g r i t  

b l a s t i n g  t i m e  i s  determined by t h e  coa t iqg  th ickness .  I n i t i a l l y  a c o l o r  

change is noted ,  from a l i g h t  gray t o  a dark  gray which i n d i c a t e s  t h e  

base  metal  has been exposed. This procedure (depending on coa t ing  th ick-  

ness )  r e q u i r e s  1 2  to  22 seconds,  an a d d i t i o n a l  60 seconds of g r i t  

b l a s t i n g  i n s u r e s  complete removal of  r e s i d u a l  c o a t i n g  and s l i g h t  e n t r y  

i n t o  t h e  base metal .  

The t ape  ( c r  template)  i s  then removed and the  d e f e c t  a r e a  l i g h t l y  

brushed t o  renove f o r e i g n  p a r t i c l e s .  

Af te r  t h e  prepara tory  p r ~ c e d u r e s  have been accomplished, t h e  r e p a i r  s l u r r y  

is app l i ed  wi th  a No. 3 artist brush o r  sprayed on us ing  a Sprayon Jet Pak. 

S t i r r i n g ,  shaking o r  b a l l  m i l l i n g  may be  used t o  i n s u r e  a homcgeneous mixture 

of  t h i s  s l u r r y  p r i o r  t o  use.  A f t e r  ? n p l i c a t i o n  of r e p c i r  s l u r r y  over d e f e c t  

(and 118-inch over l ap )  by brush,  t h i s  s l u r r y  is a i r  dryed f o r  5 minutes then 

g e n t l y  bu t  f i rmly  pressed wi th  a f l a t  su r faced  s p a t u l a  t o  d i s s i p a t e  any 

p o s s i b l e  entrapment of bubbles and a l s o  to  mainta in  t h e  he igh t  of t h e  r e p a i r  

w i t h i n  10 m i l s .  Af t e r  compaction of t h e  s l u r r y  wi th  t h e  s p a t u l a ,  t h e  r e p a i r  

s l u r r y  is a i r  dryed f o r  30 minutes and then fused,  us ing  a s p o t  h e a t e r  o r  

pyropanel  capable  of mainta in ing a temperatcre of 2050°F f o r  5 z i n u t e s .  

The secona ~ e t t . o d  of a p p l i c a t i o n  of t h e  r e p a i r  s l u r r y  is w i t 5 1  t h e  

Sprayon Jet Pak u n i t .  A f t e r  thorough mixing of the  r e p a i r  s l u r r y ,  i t  1s 

sprayed over the  s u r f a c e  of t h e  d e f e c t  (and p a r t i a l l v  on t h e  ~.ndamaged 

coa t ing)  u n t i l  t h e  r e p a i r  s l u r r y  is  s l i g h t l y  above t h e  surfac-1 of t h e  fused 

s l u r r y  s i l i c i d e  coat ing .  Th i s  procedure is  performed by mainta in ing t h e  
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nozzle of the  " j e t  pak" approximately 7-8 inches from t h e  d e f e c t  and making 

6 passes over the  d e f e c t  al lowing one minute drying time between each pass.  

Both of the  above mentioned a p p l i c a t i o n s  of the  r e p a i r  s l u r r y  need not 

be fused immediately. Fusion may be accomplished dur ing s e r v i c e  :f the  

temperature obtained is t o  be  equal  t c  o r  g r e a t e r  ;han 2050°F. 
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APPENDIX D 

FIJLL SIZE COLLTMBIUM PANEL EVALUATISN 

TEST PLAN 

1 . 0  INTXODUCTION 

The cu lmina t ion  of t h i s  program produced two r i b  s t i f f e n e d  columbium p a n e l s ,  

20 by 20 inches .  These p a n e l s  c o n t a i n  f i e l d  r e - a i r  c o a t i n g s  on  t h e  e x t e r i o r  s k i n ,  

a s  d e s c r i b e d  i n  s e c t i o n  1 3 ,  t o  p rov ide  f o r  a f i n a l  e v a l u a t i o n  of t h e  r e p a i r s  by 

NASA on f u l l  s c a l e  hardware. T h i s  t e s t  p l a n  p rov ides  a  recommended test procedure  

and set of environmental  parameters  t o  be  used t o  e v a l u a t e  t h e  f i e l d  r e p a i r  c o a t i n g s  

developed. The acces so ry  f i x t u r e  hardware was des igned  t o  b e  used w i t h  t h e  hlSFC 

appa ra tus  des igned  f o r  e v a l u a t i o n  o f  Space S h u t t l e  t h e r n a l  p r o t e c t i o n  systems a s  

d e s c r i b e d  i n  r e f e r e n c e  (1 ) .  The acces so ry  f i r t u r e  d e s i g n  p rov ides  f o r  a c c e p t i n g  two 

t y p e s  of  pane l s ,  a r i b  s t i f f e n e d  pane l ,  20 by 20.1 i nches ,  and a  s i n g l e  fkced vee  

co r ruga t ed  pane l ,  18 .5  by 20.4 i n c h e s .  

The t e s t  c o n d i t i o n s  recomme:~ded a r e  based on t h e  parameters  employed Ln t h e  

e v a l u a t i o n  of t h e  3  by 12-inch r i b  s t i f f z n e d  pane l s  t e s t e d  t o  110 r e e n t r y   light 

s i m u l a t i o n  c y c l e s  desc r ibed  i n  s e c t i o n  12 .  The t e s t  sequence employs t h r e e  a l t e r -  

n a t e l y  r epea t ed  e v a l u a t i o n  t e s t  exposures :  (1 )  I n  a c o u s t i c  boos t  s i m u l a t i o n  c y c l e ,  

(2) i . = c a t i c  room tempera ture  l oad  t o  s i m u l a t e  j o o s t  and l a n d i n g  and (3) a  r e e n t r y  

f  l i k t ,  ; s i m u l a t i o n  expGsure which combines tempc. r t u r e ,  reduzed a i r  p r e s s u r e  and 

l o a d s  which a r e  v a r i e d  s i ~ n u l t a n e o u s l y  as a  f u n c t i o n  of t ime.  

2.0 MANUFACTURING AND COATING OF ACCESSORY HARDWARE 

The acces so ry  f i x t u r e  f o r  i n t e g r a t i n g  t h e  MDAC columbium p a n e l s  i n t o  t h e  MSFC 

t e s t  a p p a r a t u s  is  shown i n  f i g u r e s  D - 1  and D-2. Most of t h e  a c c e s s o r y  f i x t u r e  is 

t o  b e  f a b r i c a t e d  from columbium and Lhen fused  s l u r r y  s i l i c i d e  c o a t e d .  1 n e  a l l o y  

is n o t  des igna t ed  on  t h e  drawing,  b u t  any of  t h e  group of Cb-752, C-129Y o r  FS-85 

is cons ide red  a c c e p t a b l e .  The fo l lowing  m a t e r i a l  p r o p e r t i e s  were employed i n  t h e  

d e s i g n .  

a )  T e n s i l e  y i e l d  s t r e n g t h  a t  R.T. - - - - 55 KSI 

b )  T e n s i l e  u l t i m a t e  s t r e n g t h  a t  R.T.- - - 70 KSI 

c )  T e n s i l e  e l o n g a t i o n  a t  R.T. - - - - - - 20% 

d )  T e n s i l e  y i e l d  s t r e n g t h  a t  2 4 0 ~ " F  - - - 25 KSI 

e )  Thermal expansion- - - - - - - - - - - 4 1 0 - ' / 0 ~  

D- 1 

MCOON#"PLL DOUOLAS ASltRONAUT8Cb COMPANY - EAlbT 



COATED CGiUMi31UM 
TPS FIELD REPAIR FINAL REPORT 

REPORT MDC E0681 
15 SEPTEMBER 1972 

The f a b r i c a t i o n  of d e t a i l  p a r t s  i nvo lves  s i m ; ; ?  s h e e t  m e t a l  { u t t i x - 2  ,in? forming 

o p e r a t i a n s .  The d e t a i l  p a r t s  r e q u i r e  Fused s l u r r y  s i l i c i d e  c o a t i n g  w i t h  : L o r  

e q u i v a i e n t .  Tota l  co lLing  t h i c k f i e s ~  should  be  3.0 m i l s  2 e r  s u r f a c e  o r  a d imens iona l  

change t h i c k n e s s  bf 2.0 m i l s  p e r  Loaced s u r f a c e .  

The coa t ed  columbium th readed  f a s t e n e r s  r e q u i r e d  a r e  p r e sen t ed  i n  d e t a i l  ?n 

t h e  McDcrnell Standqrd P a r t s  Shee t s  3M317 and 3M,18 of f i g u r e s  D-3 and D-4. These 

?:: ~ndsrc! P a r t s  Shee t s  f u r n i s h  a l l  t h ?  neces sa ry  i n f  ormaLion t o  proti . . ' ,I : Zal- Lzners 

and sour:es f o r  procurement fount! a c c e p t a b l e  t o  MDAC. The TAPCO c r a t i n g  s p c ~ . i f i e d  

can  b e  r e 7 l s c e d  s a t i s f a c ~ o r i l y  w i t h  t h e  f c s e d  s l u r r y  s i l i c i d e  coa t - lng ,  t .lt  t h e  

c o a t i n g  dimensic- lnl  cl-ange t h i c k n e s s  of 2.0 p l u s  o r  minus 0.4 r: .:r s u r f a c e  must 

b e  main ta ined  f c r  p rope r  t h r  _ad engagement. 

3.0 SPEC LYEN PRLPARATIG7q 

The i n i t i a l  s t e p  i n  p r e p a r i n g  t h e  specimen f o r  e s t i n g  shou ld  b e  t o  a t t a c h  t h e  

suppor t  beam, end a d a p t e r s  and s i d e  a d a p t e r s  t o  t h e  tes: pane l  specimen. The 0.15- 

i n c h  thermal  expans ion  gaps on  each  s i d e  and end of t h e  > a n e l  must b e  main ta ined  

ana  t , le t o t a l  p a n e l  specimen and f i x t u r e  assembly must b e  39 by 39 i n c h e s .  One 

drop  of a   lass m a t r i x  s l l i n g  compound des igna t ed  U - - 1  s h a l i  b e  p laced  i n  t h e  

e x p a n s ~ o n  j o i n t  between t h e  end ai.,d s i d e  a d a p t e r a  t o  p r evex~ t  a i r  l e akage  dur in l ;  1 :-=) ! 

t e s t i n g .  Th i s  L l - 1  s e a l ' n g  coinpound c a n  be  o b t a i q e d  from M3AC o r  r. epared  i n  ac t  o r -  ' -  ! 
1 

dance w i t h  appendix  C f ~ r r r ~ u l a t i o n .  ; h i s  rnatdrjr.1 is compa t ib l e  w i t h  t h e  fusdd  s l u r r y  

s i l i c i d e  c o a t i n g  and can  be  used ,  i f  r e q u i r e d ,  t s  ;en1 between t h e  pane l  and -11 

edge s e a l  r e t a i n e r  o r  -8 r e t e n t i o n  s p r i n g  c l i p .  ;'h- pane l  s u p p a r t  frame should  bt> 

p o s i t i o n e d  i l l  t h ~  c e n t  - r  of t h e  t e s t  c~~clrnber,  t h e  p a n e l  assembly l o c a t e d  qn :.:t i 

s u p p o r t  p o s t s  and t h e  p a n t 1  assembly l r q e l e d  by a d j u s t i n g  t h e  movable f l o o r  o t  t h e  
I 

t e ; t  a p p a r a t u s .  F ina l l -y ,  t h e  a p p a r a t c s  hoid--daw;l b a r  car1 b e  b o i t e d  i n t o  p l a c e .  
1 

4 .0  TEST CONDITIONc 
1 
D 
1 

The recommended t e s t  c o n d i t i o n s  i n c l u d e  a  b o o s t  a c o u s t i c  c y c l e ,  a  b o o s t  s t a t i c  . . 
proof l o a d i n g  and a  r e e n t r y  h e a t i n g  and l oad  c y c l e  One e lement  of t h e  s q r i e n z e  c a n  

; ,  
b e  employed s ~ p a r a t e l y  o r  any combina t ion  of t h e  t h r c e  elernencs clseii. 

4 . 1  -5cic Boost S i m u l a t i o n  - I t  i; recommend*-d t h a t  t h e  '-9r)st a c ~ u s t i c  

s i m u l a t i o n  bz I: ;formed f o r  a  t o t a l  of 3000 seconds  (30 seconds  pe r  ~ ~ c . 1 -  imes 100  

c y c l e s )  a t  a  m~ximum s k i n  . s t r e s s  of 3020 p s i  (rms) a t  r>om t e m p e r a t u r t .  Th:   an el 

f requency  range  and d e c i b e l  l e v e l  must be  de te rmined  wi':h a s t r a i n  r o s e t t e  p l aced  

i n  t h e  geometcic  c e n t e r  of t h e  $ane l .  

MCDONNELL DGUQLAS ASTRO6dAUNcS :ZOMPANV - PAlT 
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4.2 The s t a t i c  boost  load,  o r  proof tsst load,  should be appl ied  a t  room 

temperature. The c r i t e r i o n  f o r  e s t a b l i s h i n g  t h i s  load l e v e l  is t o  achieve a r i b  

t e n s i l e  stress of 772 of the  room temperature y ie ld  s t r e s s  o r  a l i m i t  load. The 

Cb-752 ;anel voulr! :quire a d i f f e r e n t i a l  p ressure  load of 1.82 p s i  t o  achieve a 

rib tens l e  stre;s ~f 57,000 p s i .  

4.3 *he r e e n t r v  s imula t ion  t e s t i n g  i cvo lves  t h e  simuftaneous a p p l i c a t i o n  of 

temperature and s t r e s s  a t  a predetermined s k i n  a i r  pressure .  The recornended test 

:ondit ions f o r  e x t e r i o r  s k i n  a,r pressure ,  s k i n  temperature and d i f f e r e n t i a l  pres- 

S U L -  a c r o s s  the  panel a r e  presented i n  f i g u r e  D-5. 

5.0 EVAiilATION CSITERU AND DATA 

The p r i e a r y  c r i t e r i o n  f o r  eva lua t ing  the  r i b  s t i f f e n e d  panels  wi th  f i e l d  

-epa i r  coa t ings  w i l l  be the  a b i l i t y  t o  c a r r y  the  required loads  v ichout  s t r u c t u r a l  

f a i l u r e .  The following d a t a  should be generated a s  a func t ion  of t e s t  c y c l e  t o  

eva lua te  pb.rel performance beyond s t andard  d a t a  such a s  environmental t e s t  pzra- 

meters,  e t c :  

a )  Panel d e f l e c t i o n  should be  measured t o  e s t a b l i s h  accumulative creep r a t e  

of t h e  panels.  

b )  A photographic record of r e p a i r  a r e a s  would provide the  c r i t e r i a  f o r  

e s t a b l  ish;..g a v i s u a l  inspec t ion  procedore . 
c) A record of coa t ing  f a i l u r e s  i n  non-repair a r e a  should b e  kept t o  e s t a b l i s h  

coa t ing  performance. Unscheduled f i e l d  r e p a i r s ,  i f  r equ i red ,  should b e  

monitored t o  o b t a i n  d a t a  on f i e l d  r e p a i r s  made under t r u e  f i e l d  condi t ions .  

6.0 REFERENCE 

(1) Research Inc.  F i x t u r e  Drawing E39051, "Vacuum Tes t  F ix tu re  f o r  TPS 

Samples," ui t 'n i n s t r u c t i o n  m a n ~ a l  and o t h e r  suppor t ing arawings, aa ted  

1 5  January 1971. 
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