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ABSTRACT 

A two-part  program involving tes t s  of 5Af-2%Sn t i t a n i u m  
(ELI) and a des ign  computer program r e v i s i o n  and u s e  w a s  
undertaken t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of a f i b e r g l a s s /  
epoxy overwrapped t i t a n i u m  p r e s s u r e  vessel. 
cryogenic temperature  and v a r i o u s  manufacturing p rocesses  on 
t h e  t i t a n i u m  were s tud ied  experimental ly .  An e x i s t i n g  design 
computer program w a s  r e v i s e d  t o  account f o r  a v a r i a b l e  t h i c k -  
nes s  l i n e r  i n  t h e  domes and thereby i n c r e a s e  e f f i c i e n c y .  A 
vessel w a s  designed wi th  t h e  p r o p e r t i e s  determined i n  t h e  
experimental phase. I t , i s  concluded t h a t  t h e  o p e r a t i o n a l  
concept of p e r m i t t i n g  a s t a t e  of compressive stress i n  t h e  
l i n e r  w i th  zero i n t e r n a l  p r e s s u r e  w i l l  r e s u l t  i n  a l i g h t e r  
weight v e s s e l .  

The e f f e c t s  of 

v i i i  



SUMMARY 

" I n  o r d e r  t o  b e t t e r  u se  t h e  s t r e n g t h  of f i b e r g l a s s  i n  a 
p r e s s u r e  v e s s e l  a p p l i c a t i o n ,  NASA o r i g i n a t e d  t h e  concept of f o r c -  
i n g  a metal  l i n e r  t o  e x i s t  i n  a compressive s t r e s s  s t a t e  with 
zero i n t e r n a l  p r e s s u r e .  This  i n v e s t i g a t i o n  i s  t e s t i n g  t h e  concept 
f i r s t  by examining t h e  behavior of t h e  cand ida te  l i n e r  mater ia l ,  
5 A j  -2fiSn t i t a n i u m  (ELI) under va r ious  loading cond i t ions ,  
temperatures ,  and s u b j e c t i n g  it  t o  s e v e r a l  manufacturing p rocesses .  
Second, an e x i s t i n g  computer program f o r  t h e  design of vessels 
o p e r a t i n g  t h i s  way w a s  r e v i s e d  t o  account f o r  a l i n e r  of v a r i a b l e  
t h i c k n e s s  i n  t h e  domes, t hus  d i s t r i b u t i n g  t h e  s t r e s s e s  i n  a more 
f a v o r a b l e  f a s h i o n  and i n c r e a s i n g  t h e  p o s s i b l e  weight savings 
over an all-metal  v e s s e l .  

The l i n e r  m a t e r i a l  t es t s  performed were u n i a x i a l  t e n s i l e  
t e s t s  a t  room temperature ,  l i q u i d  n i t r o g e n  temperature (-320°F), 
and l i q u i d  hydrogen temperature  ( - 4 2 3 O F ) ;  b i a x i a l  t e n s i l e  tes ts  
a t  t h e s e  temperatures  on specimens t h a t  had been chem-milled, 
electron-beam welded, t u n g s t e n - i n e r t  gas welded, and exp los ive ly  
formed; compressive "creep" tes ts  on specimens t h a t  had been 
electron-beam welded and overwrapped with f ibe rg la s s / epoxy ;  and 
u n i a x i a l  t e n s i l e  t e s t s  on specimens t h a t  had been chem-milled and 
mechanically m i l l e d .  The conclusion from t h e s e  tes ts  w a s  
t h a t ,  though some of t h e  p rocesses  reduced t h e  d u c t i l i t y  of t h e  
l i n e r  material ,  t h e r e  w a s  s u f f i c i e n t  d u c t i l i t y  remaining so as 
not  t o  degrade p r e s s u r e  v e s s e l  performance. 

Success fu l  r e v i s i o n  of t h e  computer program t o  account f o r  
a v a r i a b l e  l i n e r  t h i c k n e s s  pe rmi t t ed  s t u d i e s  t o  be made on t h e  
f u n c t i o n a l  form t h e  th i ckness  v a r i a t i o n  should t a k e ,  A piece-  
w i s e  l i n e a r l y  va ry ing  l i n e r  w a s  chosen f o r  i t s  g e n e r a l i t y  and 
seemed t o  produce an e f f e c t i v e  des ign  and a good d i s t r i b u t i o n  o f  
l i n e r  and overwrap stress.  S t u d i e s ,  made of t h e  e f f e c t  of manufac- 
t u r i n g  t o l e r a n c e  on vessel weight and performance, i n d i c a t e d  t h a t  a 
t r a d e o f f  has  t o  be made between c o s t  of i nc reased  c a r e  i n  manufac- 
t u r i n g  and c o s t  of e i t h e r  l e s sened  e f f i c i e n c y  of t h e  vessel o r  
l e s sened  r e l i a b i l i t y .  It appeared t h a t  t h e  end boss des ign  would 
be d i c t a t e d  more by manufacturing c o n s i d e r a t i o n s  than  t h e  s t a t e -  
o f - s t r e s s .  

The gene ra l  conclusion i s  drawn t h a t  t h e  gene ra l  concept of 
a compressively s t r e s s e d  l i n e r ,  under an overwrap wi th  t e n s i l e  
stress, may b e t t e r  u se  t h e  overwrap mater ia l .  

i x  



I. IJ!iTRODUCTION 

The o b j e c t i v e  of t h i s  program i s  t o  develop a f i b e r g l a s s  
overwrapped t i t a n i u m  p r e s s u r e  v e s s e l  f o r  cryogenic s e r v i c e .  
Although f i l amen t  winding of s o l i d - f u e l e d  m i s s i l e  c a s e s  has  become 
a r e a l i t y ,  t h e r e  has  been a s i g n i f i c a n t  l a g  i n  t h e  development 
of techniques f o r  s u c c e s s f u l l y  applying f i l amen t  winding t o  
f a b r i c a t i o n  of g l a s s - f ibe r / epoxy  p r e s s u r e  vessels f o r  gas o r  l i q u i d  
containment. Considering t h e  v e r y  a t t r a c t i v e  s t r e n g t h - t o - d e n s i t y  
p r o p e r t i e s  o f  filament-wound materials, i t  i s  e s s e n t i a l  t h a t  
techniques necessa ry  t o  make p r e s s u r e  v e s s e l s  u s ing  t h i s  f a b r i -  
c a t i o n  method be developed. 

The p r i n c i p a l  d i f f i c u l t y  t h a t  has  prevented success  i n  apply- 
i ng  f i l amen t  winding t o  p r e s s u r e  v e s s e l s  i s  t h e  l a c k  of a r e l i a b l e  
l i n e r  system f o r  both room-temperature s t o r a b l e  and cryogenic 
p r o p e l l a n t s .  
used i n  f i l amen t  winding are permeable e For room-temperature 
a p p l i c a t i o n ,  e l a s tomer i c  l i n e r s  would s u f f i c e  except f o r  problems 
of chemical c o m p a t i b i l i t y ;  f o r  cryogenic  s e r v i c e  t h e  e l a s tomer i c  
l i n e r s  a r e  n o t  s u i t a b l e  because of t h e i r  b r i t t l e  behavior.  There- 
f o r e ,  metal l i n e r  systems are r equ i r ed .  

A l i n e r  i s  needed because t h e  organic  ma t r ix  m a t e r i a l s  

The p r i n c i p a l  problem wi th  t h e  m e t a l  l i n e r  i s  one of mechanical 
c o m p a t i b i l i t y ,  i . e .  , t h e  s t r a i n  imparted t o  t h e  l i n e r  du r ing  
p r e s s u r i z a t i o n  and t h e  a t t e n d a n t  deformation of t h e  g l a s s - f i b e r  
v e s s e l  must be reabsorbed during d e p r e s s u r i z a t i o n  of t h e  vessel. 
Furthermore, i t  must be reabsorbed f o r  each c y c l e  without  l i n e r  
malfunct ion,  i n  s p i t e  of t h e  f a c t  t h a t  f u l l  u t i l i z a t i o n  of t h e  
overwrap may r e q u i r e  t h e  l i n e r  t o  experience some p l a s t i c  s t r a i n -  
i n g .  

Recent work ( r e f .  1) with overwrapping r e l a t i v e l y  t h i c k  
incone l  m e t a l  load-bearing l i n e r s  has i n d i c a t e d  t h a t  t h i s  
overwrapping concept i s  a r e l i a b l e  means f o r  providing a s i g n i -  
f i c a n t  weight s av ing ,  The p r i n c i p l e  involved i n  overcoming t h e  
mechanical c o m p a t i b i l i t y  problem i s  t o  p l a c e  t h e  m e t a l  l i n e r  under 
compression during f a b r i c a t i o n ,  and thus  i n c r e a s e  t h e  s t r a i n  range 
through which t h e  l i n e r  may ope ra t e .  A t  t h e  same time t h e  g l a s s -  
f iber /epoxy overwrap i s  placed i n  t e n s i o n .  Matching t h e  overwrap 
t e n s i o n  p rope r ly  t o  t h e  l i n e r  compression r e s u l t s  i n  t h e  opera- 
t i o n  of t h e  overwrap a t  an e f f i c i e n t  stress l e v e l  while  t h e  l i n e r  
remains e l a s t i c .  The creep and b i a x i a l  s t r a i n  p r o p e r t i e s  of t he  
l i n e r  m a t e r i a l  must be considered when t h e  ze ro -p res su re  stress 
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l e v e l s  a r e  chosen, so t h a t  t h i s  p r e s t r e s s e d  s t a t e  i s  not s e r i o u s l y  
diminished with t i m e .  Otherwise t h e  i n e l a s t i c  s t r a i n  t o  which 
t h e  l i n e r  would be sub jec t ed  on each c y c l e  would degrade t h e  
f a t i g u e  r e s i s t a n c e  of t h e  metal .  

The performance f a c t o r  ( p r e s s u r e  x volume/weight) of a vessel 
t h u s  designed i s  between t h a t  of an a l l - m e t a l  v e s s e l  and t h a t  
of a g l a s s - f ibe r / epoxy  filament-wound vessel with a t h i n ,  non- 
load-bearing metal l i n e r .  U n t i l  such t ime as a non-load-bearing 
l i n e r  i s  developed, t h e  overwrapped load-bearing l i n e r  can p rov ide  
weight savings;  t h e s e  savings being s t r o n g l y  dependent on t h e  
e l a s t i c  s t r a i n / w e i g h t  r a t i o  f o r  t h e  l i n e r  material. Titanium 
promises t o  provide even h ighe r  performance f a c t o r s  t han  incone l ,  
e s p e c i a l l y  i f  a l i n e r  of non-uniform t h i c k n e s s  i s  used t o  approxi- 
mate a uniform stress s ta te .  

The o b j e c t i v e  of t h i s  program i s  being pursued wi th  an  e f f o r t  
d iv ided  i n t o  f o u r  major t a s k s ,  as fol lows:  

Task No. E f f o r t  

I Titanium P r o p e r t i e s  Determination 

I1 Design 

a. Computer Program Revision 
b. P r e s s u r e  Vessel Design 

111 

I V  

Manufacture 

a. Explosive Forming Development 
b. L ine r  F a b r i c a t i o n  
c .  P r e s s u r e  Vessel Winding and S i z i n g  

T e s t  

a. Design and F a b r i c a t i o n  of Test  F i x t u r e s  
b. Burst  and Cyc l i c  T e s t s  
c. V ib ra t ion  and L i f e  Tests 

Th i s  i n t e r i m  r e p o r t  covers  t h e  e f f o r t  on Tasks I and 11. Vessel 
design c r i t e r i a  and s p e c i f i c a t i o n s  used i n  Task I I b  are as 
f 0 1 1 ow s : 

1) Shape: c y l i n d e r  with end c l o s u r e s ;  
2) Size:  25 i n .  maximum OD; 

2 



3) Volume: 7,365 in.3 _+ 1.5% after sizing; 
4 )  Sizing conditions: 4,480 psi at 75OF (1.333 x 

operating pressure). 

The performance requirements are: 

1) Operating pressure: 3,360 psi; 
2) Proof pressure: 4,050 p s i  at 160°F and -65'F 

3 )  Burst pressure: 5,600 psi at 160°F and -65'F 
(1.2 x operating pressure) ; 

(1.666 x operating pressure). 
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11. TASK I - DETERMINATION OF TITANIUM PROPERTIES 

A. INTRODUCTION 

Before t h e  p r e s s u r e  v e s s e l s  t o  be made and t e s t e d  on t h i s  
program were designed, a d d i t i o n a l  information,  not  a v a i l a b l e  i n  
t h e  l i t e r a t u r e ,  about t h e  p a r t i c u l a r  a l l o y  of i n t e r e s t  (5AP-2%Sn 
E L I  t i t a n i u m )  was requ i r ed .  I n  a d d i t i o n ,  w e  wished t o  base t h e  
des ign  on t h e  p r o p e r t i e s  of t h e  a c t u a l  material  t o  be used i n  
t h e  l i n e r s .  Therefore ,  a program of t e s t i n g  w a s  devised to :  
(1) c h a r a c t e r i z e  t h e  l i n e r  material  f o r  t h e  i n i t i a l  computer design 
program i n p u t ;  (2)  i n v e s t i g a t e  t h e  e f f e c t  on d u c t i l i t y  of s e v e r a l  
of t h e  a n t i c i p a t e d  manufacturing v a r i a b l e s ;  (3)  study t h e  e f f e c t  
of h igh  compression s t r e s s  on creep ra te ;  and ( 4 )  determine t h e  
p r o p e r t i e s  of t h e  a c t u a l  l i n e r  material  f o r  f i n a l  design.  These 
fou r  e f f o r t s  a r e  i d e n t i f i e d  as p re l imina ry  t e n s i o n  t e s t s ,  b i a x i a l  
tests,  c reep  tes ts ,  and l i n e r  m a t e r i a l  t e n s i o n  tes ts .  

B. P€?ELIMINARY TENSION TESTS 

1. Specimen P r o p e r t i e s  

To o b t a i n  some p re l imina ry  d a t a  f o r  design,  t e n s i o n  tes ts  
were made on seven specimens c u t  from a s m a l l  s h e e t  of 5A1-2$Sn 
a l l o y  o f  0.220 i n c h  nominal t h i ckness .  Vendor d a t a  f o r  t h i s  s h e e t  
are g iven  i n  t a b l e  I. The c o n f i g u r a t i o n  of t h e  tes t  specimens i s  
shown i n  f i g u r e  1, shape B. Two a d d i t i o n a l  specimens were c u t  
from t h e  s h e e t ,  t hen  mi l l ed ,  one mechanically and one chemical ly ,  
t o  i n d i c a t e  t h e  p o s s i b l e  e f f e c t  of chemical m i l l i n g .  The mechani- 
c a l l y  m i l l e d  specimen w a s  made according t o  shape C and t h e  chemi- 
c a l l y  m i l l e d  one shape D,  i n  f i g u r e  1. 
i n s t a n c e s  w a s  l o n g i t u d i n a l .  Measured dimensions of t h e  t e s t  sec-  
t i o n s  are given i n  t a b l e  11. Measurements were made wi th  a machin- 
i s t ' s  micrometer i n c o r p o r a t i n g  a 0.0001 inch  v e r n i e r .  
d e s i g n a t i o n  nomenclature i s  given i n  t a b l e  XXIV. 

Grain d i r e c t i o n  i n  both 

Speczmen 

2. Test Set-Up 

The p re l imina ry  t e n s i o n  tes ts  were r u n  a t  room temperature  i n  
a Wiedemann Mark G Un ive r sa l  Tes t ing  Machine a t  a s t r a i n  r a t e  of 
approximately 1500 /J i n . / i n . /min .  Modulus and Po i s son ' s  r a t i o  
d a t a  were determined from t h e  output  of s t r a i n  gages f eed ing  t h e  
r e c o r d e r  on t h e  t e s t i n g  machine. 
Type C9-121-R2TC mounted wi th  Bean BR610 cement. On t h e  f u l l  

The gages were Budd Metalf i lm 
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t h i c k n e s s  specimens, two gages were mounted on each s i d e  of 
each specimen, one l o n g i t u d i n a l  and one t r a n s v e r s e ,  and t h e  ou tpu t s  
of t h e  l o n g i t u d i n a l  gages were averaged t o  e l i m i n a t e  t h e  e f f e c t s  
of bending. Only l o n g i t u d i n a l  gages were used on t h e  m i l l e d  
specimens. Af t e r  i n i t i a l  runs  i n  t h e  e l a s t i c  r eg ion  t o  measure 
modulus and Po i s son ' s  r a t i o ,  a d u a l  range microformer w a s  mounted 
and used t o  record t h e  e n t i r e  s t r e s s - s t r a i n  curve.  Yield s t r e n g t h s  
a t  0.2% o f f s e t  and t h e  s lope  i n  t h e  i n e l a s t i c  r eg ion  were deduced 
from t h e s e  curves.  T e n s i l e  s t r e n g t h  w a s  r ead  from t h e  load  d i a l  
on t h e  machine. Elongat ion a t  f a i l u r e  w a s  determined by measur- 
i ng  t h e  d i s t a n c e  between s c r i b e  marks placed 2 i n .  a p a r t  be fo re  
t e s t i n g .  Unfortunately,  anomalous o p e r a t i o n  of t h e  microformer 
r e s u l t e d  i n  some d a t a  being l o s t .  

3 .  Resu l t s  and I n t e r p r e t a t i o n  

The d a t a  from t h e  t e s t s  desc r ibed  above are given i n  t a b l e  

S t r e s s - s t r a i n  d a t a  
111. These v a l u e s  were used t o  a r r i v e  a t  a set of numbers f o r  
i n i t i a l  vessel des ign  runs on t h e  computer. 
i npu t  t o  t h e  computer must be i n  t h e  form of a b i l i n e a r  r e l a t i o n ,  
where t h e  measure of y i e l d  s t r e n g t h  i s  t h e  a r t i f i c i a l  number 
r e p r e s e n t i n g  t h e  i n t e r s e c t i o n  of t h e  e l a s t i c  and i n e l a s t i c  s lopes ,  
r a t h e r  t h a n  any v a l u e  t aken  from t h e  a c t u a l  s t r e s s - s t r a i n  diagram. 
Such a t b i l i n e a r  r e l a t i o n  w a s  developed which approximated a 
composite s t r e s s - s t r a i n  curve based on t h e  v a l u e s  i n  t a b l e  113. 
The parameters d e s c r i b i n g  t h i s  r e l a t i o n  and which were used i n  
p re l imina ry  des ign  computations and l i n e r  t h i c k n e s s  v a r i a t i o n  
s t u d i e s  were as fol lows:  

6 E la s t i c  modulus (E ) = 16.73 x 10 p s i ;  

I n e l a s t i c  modulus (E ) = 97.3 x l o 3  p s i ;  

Yield s t r e n g t h  ( i n t e r s e c t i o n  stress, oI) = 107.2 x 10 

Po i s son ' s  r a t i o  ( y )  = 0.33 ( e l a s t i c  region) .  

T 

3 
2 

p s i ;  

The conclusions t o  be drawn from t h e  d a t a  f o r  t h e  m i l l e d  
specimens are t h a t  t h e r e  seems t o  be no e f f e c t  on t h e  measured 
p r o p e r t i e s  due t o  machine m i l l i n g  and t h e  only e f f e c t  due t o  
chemical m i l l i n g  i s  a r e d u c t i o n  i n  u l t i m a t e  e longa t ion ,  though 
s i n g l e  t e s t s  do n o t  support  t h e s e  conclusions i n  gene ra l .  

C. BIAXIAL TESTS 

The o b j e c t i v e  of t h e s e  tes ts  w a s  t o  determine t h e  e f f e c t  of 
va r ious  manufacturing p rocesses  on t h e  d u c t i l i t y  of t h e  a l l o y  of 
i n t e r e s t  under b i a x i a l  t e n s i o n  (1:l). Tests were t o  be made a t  
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room temperature ,  l i q u i d  n i t r o g e n  temperature ,  and l i q u i d  
hydrogen temperature .  The manufacturing p rocesses  t o  be i n v e s t i -  
gated were clectron-beam welding (EBW), t u n g s t e n - i n e r t  gas  (TIG) 
welding, and exp los ive  forming. 

1. Specimen P r o p e r t i e s  

a. Material - The b i a x i a l  tes t  Specimens were c u t  from a 
3 x 10 f t  p i e c e  of 5Ai-2 .5Sn T i  (ELI) w i th  a nominal t h i c k n e s s  
of 0.062 i n .  Vendor d a t a  are given i n  t a b l e  I V .  To charac- 
t e r i z e  t h e  m a t e r i a l  be fo re  i t s  u s e  i n  making specimens f o r  t h e  
b i a x i a l  tes ts ,  a series of t e n s i o n  t e s t s  were made on specimens 
c u t  from t h e  same s h e e t .  The c o n f i g u r a t i o n  of t h e  test  specimens 
i s  shown i n  f i g u r e  1, shape B. Specimen d e s i g n a t i o n  nomenclature 
i s  given i n  t a b l e  XXIV. S i x  specimens were made and t e s t e d ,  t h r e e  
c u t  pa ra l l e l  and t h r e e  c u t  pe rpend icu la r  t o  t h e  g r a i n  d i r e c t i o n .  
One specimen o f  each group had a l o n g i t u d i n a l  s t r a i n  gage on each 
s i d e  o f  Type C9-121-R2TC (Budd M e t a l f i l m )  mounted with Bean BR610 
adhesive.  A f t e r  i n i t i a l  runs  i n  t h e  e l a s t i c  range t o  measure  
modulus, a dual  range microformer w a s  mounted and used t o  record 
t h e  e n t i r e  s t r e s s - s t r a i n  curve f o r  a l l  s i x  specimens. S t r a i n  ra te  
w a s  approximately 1500 p i n . / i n . /min .  I n i t i a l  p o r t i o n s  of t h e s e  
curves were used f o r  modulus de t e rmina t ion  on t h o s e  specimens 
without  gages. The 0.2% o f f s e t  stress was a l s o  read from t h e s e  
cu rves .  T e n s i l e  s t r e n g t h  w a s  computed from t h e  maximum load on 
t h e  t e s t i n g  machine d i a l  (Wiedemann Mark G) and e longa t ion  a t  
f a i l u r e  w a s  determined by measuring t h e  d i s t a n c e  between s c r i b e  
marks placed 2 i n .  apart  b e f o r e  t e s t i n g .  The r e s u l t s  o f  t h e s e  
tes ts  are  given i n  t a b l e  V .  

b. Shape and Manufacture - The t e s t  specimens c o n s i s t e d  of 
9-3/4 i n .  diameter  f l a t  p l a t e  and hemispherical  dome specimens, 
as shown i n  f i g u r e s  2 and 3. F igu res  4, 5, and 6 are t h e - f a b r i -  
c a t i o n  drauings f o r  t h e  domed specimens and f o r  t h e  blanks from 
which t h e  f l a t  specimens were c u t .  The f l a t  specimens were c u t  
from 0.062 i n .  t h i c k  s h e e t ,  w i t h  a 7-% i n .  diameter t es t  s e c t i o n  
chemical ly  m i l l e d  t o  approximately 0.040 i n .  t h i ckness .  When 
i n d i c a t e d  by t h e  t e s t  p l an ,  welds were l a i d  down with f u l l  
p e n e t r a t i o n  on t h e  uncut b l anks .  
each l i n e  6-% i n .  l ong ,  
from 0.062 i n .  t h i c k  s h e e t ,  and chem-milled over a p o r t i o n  t o  
0.040 i n .  t h i c k n e s s .  Because of t h e  blank s i z e  l i m i t a t i o n  of t h e  
e x i s t i n g  exp los ive  forming d i e ,  a s e p a r a t e  holding f l a n g e  had t o  
b c  made f o r  t h e  dome specimens and TIG-welded t o  t h e  dome, as 
shown i n  f i g u r e  3. Both f l a n g e  and dome were stress r e l i e v e d  

The p a t t e r n  w a s  a 90° c r o s s  wi th  
The dome specimens were exp los ive ly  formed 
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between forming s h o t s  and a f t e r  forming. Specimen type,  welding 
type ,  and t e s t  temperature  are shown i n  t a b l e  V I .  Specimen 
des igna t ion  nomenclature i s  g iven  i n  t a b l e  XXIV. A 2 x 2 i n .  
pho togr id ,  subdivided i n t o  0 . 1  x 0 . 1  i n .  squares ,  w a s  p r i n t e d  
on t h e  c e n t e r  of each specimen f o r  u s e  i n  determining permanent 
s t r a i n s  a f t e r  f r a c t u r e .  Thickness of t h e  specimens was measured 
b e f o r e  t e s t i n g  wi th  a s p e c i a l l y  cons t ruc t ed  deep-throat  micro- 
m e t e r .  Minimum and maximum t h i c k n e s s e s  of t h e  base m a t e r i a l  
( e x c l u s i v e  o f  weld reinforcement)  w i t h i n  t h e  gridded area f o r  t h e  
f l a t  specimens are a l s o  given i n  t a b l e  V I .  Values f o r  t h e  
dome specimens are f o r  t h e  e n t i r e  chem-milled p o r t i o n .  

2.  T e s t  F i x t u r i n g  

The tes t  f i x t u r e s  used f o r  t h e  b i a x i a l  tes ts  a r e  shown 
schemat i ca l ly  i n  f i g u r e s  7 ,  8, and 9 .  The ho ld ing  f i x t u r e  i s  
shown i n  t h e  ske tch  of f i g u r e  10 and i n  t h e  photos i n  f i g u r e s  
11 and 1 2 .  
t i t a n i u m  i n t e r f a c e  gave t h e  maximum s t a t i c  f r i c t i o n  c o e f f i c i e n t  
t o  prevent  e x t r u s i o n  of t h e  t es t  specimen. The c o n f i g u r a t i o n  
proved s a t i s f a c t o r y  i n  clamping t h e  specimens and providing a 
l e a k - f r e e  j o i n t  up t o  p r e s s u r e s  of 4400 p s i g  a t  -423'F. 
4400 p s i g ,  d e f l e c t i o n  of t h e  900 l b  ASA r a t e d  f l anges  and 1-1/8 
i n .  b o l t s  caused leakage which o u t s t r i p p e d  t h e  make-up capa- 
b i l i t y  of t h e  p r e s s u r a n t  supply system. 

The t i t a n i u m  gasket  shown was used because a t i t an ium/  

A t  

The c r y o s t a t  used t o  immerse t h e  holding f i x t u r e  f o r  t h e  
cryogenic  tes ts  c o n s i s t e d  of a 30-gal.  s t a i n l e s s  s teel  drum 
(cormnercial i t e m )  i n s u l a t e d  wi th  6 i n .  of foamed-in-place 
i n s u l a t i o n .  The c r y o s t a t  l i d  w a s  f i t t e d  wi th  a d i p - l e g  t y p e  f i l l  
t ube ,  a vent  t ube  and two thermocouple probes.  

The p r e s s u r a n t  supply system f o r  t h e  cryogenic t e s t s  
included two c y l i n d r i c a l  r e s e r v o i r s  having a combined volume of 
6 4  cu i n .  The f u n c t i o n  of t h e  r e s e r v o i r s  w a s  t o  hold a 
q u a n t i t y  of l i q u e f i e d  gas  approximately tw ice  t h e  volume requ i r ed  
due t o  s t r a i n i n g  o f  t h e  t e s t  specimen, so t h a t  t h e r e  would be no 
i n t r u s i o n  o f  gas  i n t o  t h e  ho ld ing  f i x t u r e .  A r e s t r i c t e r  o r i f i c e  
(V60 d r i l l  ho le )  w a s  p l aced  i n  t h e  l i q u i d  supply l i n e  between 
t h e  r e s e r v o i r s  and t h e  ho ld ing  f i x t u r e  t o  i n h i b i t  throughflow a t  
specimen rup tu re .  The o r i f i c e  a l s o  provided a method of d e t e c t -  
i n g  leakage i n  t h e  holding f i x t u r e ,  i n  t h a t  a n o t i c e a b l e  p r e s s u r e  
d i f f e r e n t i a l  would e x i s t  between r e s e r v o i r  gas supply p r e s s u r e  
and t h e  p r e s s u r e  i n  t h e  holding f i x t u r e  whenever a flow c o n d i t i o n  
e x i s t e d .  Liquid leakage w a s  considered an unacceptable  c o n d i t i o n  
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due t o  p o s s i b l e  d e p l e t i o n  of t h e  r e s e r v o i r  l i q u i d  supply 
and r e s u l t a n t  i n t r u s i o n  of gas  i n t o  t h e  ho ld ing  f i x t u r e .  
Ex i s t ence  of gas  i n  t h e  f i x t u r e  a t  specimen r u p t u r e  w a s  known 
t o  produce exp los ive  gas  r e l e a s e .  

The p r e s s u r a n t  source f o r  t h e  room temperature  t es t s  w a s  
GN over water. 
t h e  r e g u l a r  l a b o r a t o r y  5500 p s i g  r e g u l a t e d  GN2 system. 
p r e s s u r a n t  source f o r  t h e  LH2 t es t s  was a bank o f  two 2250 p s i g  
GH2 c y l i n d e r s  (commercial I C C  c y l i n d e r s )  supplying a GN2-driven 
p i s t o n  t y p e  boost  pump. 

The p r e s s u r a n t  source f o r  t h e  LN2 t e s t s  w a s  2 
The 

3 .  Test Method 

For a l l  t es t s ,  t h e  specimen was i n s t a l l e d  i n  t h e  holding 
f i x t u r e  as shown i n  f i g u r e  10 .  For room temperature  tes ts ,  
t h e  holding f i x t u r e  b o l t s  were torqued t o  460 f t - l b s .  For 
t h e  cryogenic  tes ts  (LN2 and LH2), t h e  b o l t s  were retroqued 
wh i l e  cold a f t e r  immersing t h e  holding f i x t u r e  i n  LN 2 '  

For t h e  room temperature  t e s t s ,  t h e  holding f i x t u r e  was 
connected t o  t h e  GN2-over-water p r e s s u r i z a t i o n  system and b l e d  
u n t i l  a g a s - f r e e  c o n d i t i o n  w a s  ob ta ined  i n  t h e  ho ld ing  f i x t u r e .  
The supply system was t h e n  p r e s s u r i z e d  a t  a rate o f  approxi-  
mately 1500 ps i /minu te  u n t i l  t h e  specimen rup tu red .  P r e s s u r e  
i n  t h e  ho ld ing  f i x t u r e  w a s  recorded cont inuously on a Sanborn 
d i r e c t - w r i t i n g  r eco rde r .  Immediately a f t e r  t e s t ,  t h e  p r e s s u r e  
t r ansduce r  and r eco rd ing  system were end-to-end c a l i b r a t e d  
a g a i n s t  a 0.2% tes t  gage. The specimen w a s  t h e n  removed from 
t h e  f i x t u r e  and photographed. 

For t h e  LN2-temperature t e s t s ,  t h e  holding t i x t u r e  was 
i n s t a l l e d  i n  t h e  empty c r y o s t a t ,  purged thoroughly wi th  GN2 
and p r e s s u r i z e d  t o  100-150 p s i g .  Af t e r  leak-checking t h e  
f i x t u r e ,  t h e  c r y o s t a t  was f i l l e d  w i t h  LN2 while  t h e  f a c i l i t y  
p r e s s u r e  r e g u l a t o r  maintained t h e  supply p r e s s u r e .  
f a c t i o n - f i l l i n g  of t h e  f i x t u r e  w a s  considered t o  be complete 
when no p r e s s u r e  decay was observed a f t e r  c l o s i n g  t h e  supply 
valve. The system w a s  t h e n  p r e s s u r i z e d  a t  an intended r a t e  
o f  approximately 1500 p s i  p e r  minute u n t i l  t h e  specimen 
rup tu red .  P r e s s u r i z a t i o n  rates as low as 100 psi/min. occurred 
du r ing  some tes ts  due t o  leakage.  

Lique- 
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The LH2 t e s t s  were performed i n  much t h e  same manner as 
t h a t  descr ibed  f o r  t h e  LN2 tes t s .  
f a c t i o n  w a s  checked by monitor ing t h e  p r e s s u r e  decay i n  t h e  
supply c y l i n d e r s .  A f i n a l  check was made by va lv ing  o f f  
t h e  supply l i n e  as descr ibed  f o r  t h e  LN2 t e s t s .  The supply 
p r e s s u r e  from t h e  GH2 c y l i n d e r s  was then  inc reased  t o  t h e  
750 p s i g  p r e s s u r e  r equ i r ed  a t  t h e  boost  pump i n l e t .  Due t o  
t h e  c h a r a c t e r i s t i c s  of  t h e  boos t  pump, t h e  d e l i v e r y  l i n e  p re s -  
s u r e  increased  t o  t h e  same p res su re .  The boost  pump was then  
s t a r t e d ,  t o  i n c r e a s e  p r e s s u r e  a t  approximately 1500 p s i  pe r  
minute.  The c y c l i c  r a t e  of t h e  pneumatical ly-dr iven pump 
w a s  somewhat d i f f i c u l t  t o  c o n t r o l ,  so  t h a t  p r e s s u r i z a t i o n  
r a t e s  v a r i e d  between about 160 ps i /min .  and2000 p s i  per  minute.  

The p rogres s  of  GH l i q u e -  2 

During a l l  t e s t s  except  t h e  BNO t e s t  (LN2 tempera ture  
t e s t ,  unwelded f l a t  p l a t e  specimen), t h e  r u p t r u e s  w e r e  so 
qu ie scen t  t h a t  t h e  occurrence could not  be  d e t e c t e d  by observ-  
i n g  t h e  c r y o s t a t .  I n  t h e  BNO t e s t ,  l eakage  from t h e  hold ing  
f i x t u r e  tub ing  f i t t i n g s  a t  p r e s s u r e s  above approximately 
3500 p s i g  pe rmi t t ed  some gas  t o  i n t r u d e  i n t o  t h e  f i x t u r e ,  
w i th  t h e  r e s u l t  t h a t  t h e  r u p t u r e  of t h e  specimen was a t t ended  
by a r e l a t i v e l y  e n e r g e t i c  release of gas .  The effect  of  t h i s  
may be noted  by comparison of  p o s t t e s t  photos  of BNO ( f i g .  14)  
and t h e  o t h e r  f l a t  p l a t e  specimens. 

4 .  Resu l t s  and Conc lus ims  

Figures  13 through 33 c o n t a i n  v a r i o u s  views of t h e  t e s t e d  
b i a x i a l  specimens.  Durat ion o f  t h e  t e s t s  and f a i l i n g  o r  maxi- 
mum p r e s s u r e s  a re  l i s t e d  i n  t a b l e  V I .  The p r e s s u r e  v a l u e s  i n  
t a b l e  V I  may be  b e t t e r  understood i f  compared wi th  computgd 
v a l u e s  f o r  t h e  room tempera ture  unwelded specimens. S t o r a k e r s  
( r e f .  2)  g ives  t h e  b u r s t  p r e s s u r e  f o r  a c i r c u l a r  f l a t  p l a t e  
of  uniform t h i c k n e s s  under t r a n s v e r s e  p r e s s u r e  as 

L 
0 

where 

pb = b u r s t  p r e s s u r e  
n 

a. = a t /  E t  

at = t r u e  s t r e s s  
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E = t r u e  s t r a i n  t 
n = s l o p e  of u v s  E diagram i n  t h e  p l a s t i c  r eg ion  t t 

h = o r i g i n a l  t h i c k n e s s  

1: = o r i g i n a l  r a d i u s .  
0 

0 

Using t h e  s t r e s s - s t r a i n  curve f o r  5AB-2.5Sn t i t a n i u m  
(ELI) measured f o r  specimen T63BL-3 ( f i g .  34 and 35) ,  one 
o b t a i n s  n = 0.100 and U = 160,000 p s i .  Using h = 0,040 i n .  

and r = 3.625 i n . ,  w e  o b t a i n  
0 0 

0 

= 1,590 p s i  - 0.9  x 160,000 x 0.040 
'b - ' 3.625 

This  va lue  i s  t o  be compared wi th  t h e  b u r s t  p r e s s u r e  of  2,390 
psi. measured on specimen BRO. 

The p r e s s u r e  a t  b u r s t  i n  a hemispherical  dome n e g l e c t i n g  
t h e  e f f e c t  of b i a x i a l  stress on t h e  material  s t r e n g t h ,  i s  

2 h  u 

h 

o u  - 
r 'b - 

where 

pb = b u r s t  p r e s s u r e  

h = o r i g i n a l  t h i c k n e s s  of  t he  material  
0 

= engineer ing t e n s i l e  s t r e n g t h  
uU 

r = r a d i u s  of c u r v a t u r e  of t h e  hemisphere. h 

I n  our case, w e  have h = 0.040 i n . ,  r = 3.0 i n . ,  and u = 122,800 

p s i  ( t a b l e  V ) .  Thus, 
0 h U 

= 2 x 0.040 x 122,800 
= 3,275 p s i  3 'b 

This  va lue  i s  t o  be compared with t h e  b u r s t  p r e s s u r e  of 
3,120 p s i  measured on specimen BRD, where f a i l u r e  took p l a c e  
nex t  t o  t h e  dome f l a n g e  weld i n  material  approximately 
0.063 i n .  t h i c k .  

10 



Pieces  of t h e  f a i l e d  f l a t  specimens con ta in ing  t h e  g r i d  
were c u t  out  and placed i n  a Nikon P r o f i l e  P r o j e c t o r ,  which 
has  a movable s t a g e  c o n t r o l l e d  by a micrometer graduated i n  
l / lO,OO&in.  The coord ina te s  of t h e  i n t e r s e c t i o n  of t h e  g r i d  
c l o s e s t  and next  c l o s e s t  t o  t h e  f a i l u r e  were determined and 
recorded on enlarged p r i n t s  of t h e  g r i d .  Residual  s t r a i n  
w a s  computed by s u b t r a c t i n g  t h e  coord ina te s  and d i v i d i n g  t h e  
d i f f e r e n c e  by t h e  o r i g i n a l  g r i d  spacing (0.1000 0.0002 i n . ) .  
The maximum v a l u e s  thus  obtained,  measured perpendicular  t o  
t h e  r u p t u r e ,  are l i s t e d  i n  t a b l e  V I .  No measurements w e r e  
made on t h e  dome specimens as none of t h e  f a i l u r e s  were 
a t t r i b u t a b l e  t o  t h e  chem-milling o r  exp los ive  forming p rocesses  
used t o  make them. 

Seve ra l  conclusions can b e  drawn from t h e  d a t a .  F i r s t ,  
t h e  unwelded material ,  though chem-milled, i s  cons ide rab ly  more 
d u c t i l e  under b i a x i a l  l oad ing  than  r e q u i r e d  f o r  t h e  p re sen t  
a p p l i c a t i o n .  Second, exp los ive  forming does not appear t o  
have a major d e l e t e r i o u s  e f f e c t  on d u c t i l i t y ,  provided t h e  
p a r t  i s  s t r e s s - r e l i e v e d  a f t e r  t h e  l as t  forming ope ra t ion .  
It i s  not  known, from t h i s  work, what t h e  e f f e c t  would have 
been, had t h e  specimens no t  been s t r e s s - r e l i e v e d .  F a i l u r e  
i n  t h e  dome specimens d id  not  i n i t i a t e  i n  t h e  area most 
a f f e c t e d  by t h e  forming p rocess ,  ye t  f a i l u r e  p r e s s u r e s  were 
about as expected. Specimen BKD must be discounted as a 
poor specimen. E i t h e r  t h e r e  w a s  a f law i n  t h e  dome o r  two 
f laws ad jacen t  t o  t h e  weld. Third,  T I G  welding appears t o  be 
b e t t e r  t han  EBW, though both s e r i o u s l y  reduce t h e  d u c t i l i t y  
p r i m a r i l y  because of t h e  e f f e c t  on t h e  ad jacen t  material  and 
t h e  c r e a t i o n  of geometric stress concen t r a t ions  a t  t h e  edge 
of t h e  reinforcement .  Though i t  seems t o  be supported s t r o n g l y  
by t h e  d a t a ,  t h e  l a s t  conclusion may not  have an impact on 
t h e  program. 
EB welded c y l i n d e r s  overwrapped with f i b e r g l a s s  i n  t h e  creep 
t e s t  p o r t i o n  of t h e  program withstood a t  l eas t  2.4% s t r a i n  
w i t h  no evidence of d i s t r e s s .  This s t r a i n  l e v e l  i s  adequate 
f o r  t h e  needs of t h e  a p p l i c a t i o n  being i n v e s t i g a t e d .  

A s  w i l l  be  explained below i n  s e c t i o n  I I .D .3 .b ,  

D. CMEP TESTS 

The o b j e c t i v e  of t h e s e  tes ts  w a s  t o  determine t h e  room 
temperature  compressive creep c h a r a c t e r i s t i c s  of t h e  a l l o y  
of i n t e r e s t  as a f u n c t i o n  of compressive s t r e s s  l e v e l .  Th i s  
information i s  needed t o  a s s e s s  t h e  f e a s i b i l i t y  o f  t he  design 
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concept of t h i s  program; t h a t  i s ,  extending t h e  e l a s t i c  
range of behavior of a t i t a n i u m  t ank  l i n e r  by f o r c i n g  i t  
t o  be i n  a compressive stress s t a t e  when t h e  t ank  i s  empty. 
The gene ra l  scheme used w a s  t o  overwrap t i t a n i u m  c y l i n d e r s  
with f i b e r g l a s s ,  p r e s s u r i z e  them u n t i l  t h e  t i t a n i u m  y ie lded  
i n  t e n s i o n ,  r e l i e v e t h e  p re s su rewhichcaused  t h e  t i t a n i u m  
t o  be fo rced  i n t o  compression by t h e  s t r e t c h e d  overwrap, 
and monitor t h e  s t r a i n s  ove r  a pe r iod  of t i m e .  

1. Specimen P r o p e r t i e s  

a. Material - The c y l i n d r i c a l  c r eep  tes t  specimens 
were c u t  from a 3 x 10 f t  p i e c e  of 5AQ-2.5Sn t i t a n i u m  (ELI) 
wi th  a nominal t h i c k n e s s  of 0.062 i n .  
i n  t a b l e  V I I .  I n  o r d e r  t o  c h a r a c t e r i z e  t h e  material be fo re  
i t s  use ,  a series of t e n s i o n  t e s t s  were made on specimens 
c u t  from t h e  same s h e e t .  The c o n f i g u r a t i o n  o f  t h e  t e s t  
specimens wi th  a x i s  p a r a l l e l  t o  t h e  g r a i n  w a s  as shown 
i n  f i g u r e  1, shape A, whi le  t h e  t r a n s v e r s e  specimens were 
shape B .  Specimen d e s i g n a t i o n  nomenclature i s  given i n  
t a b l e  -XXIV. Number o f  specimens, s t r a i n  gages, equipment 
used and procedures ,  were t h e  sane as desc r ibed  f o r  t h e  b i -  
a x i a l  m a t e r i a l  coupon t e s t s  i n  s e c t i o n  1I.C.l .a.  The r e s u l t s  
of t h e s e  t es t s  are g iven  i n  t a b l e  V I I I .  
f o r  overwrapping w a s  U .  S .  Polymeric 20 end S-HTS/E-796 epoxy 
impregnated f i b e r g l a s  wi th  r e s i n  s o l i d s  of 18-23% by weight.  

Vendor d a t a  are given 

The rov ing  used 

b.  Shape and Manufacture - Specimen blanks 14 x 36 i n .  
were sheared from a 3 x 10 f t  s h e e t  of t i t an ium,  wi th  t h e  
14 inch  dimension 
were r o l l e d  i n t o  c y l i n d e r s  10 i n .  i n  diameter  a t  t h e  B a l t i -  
more F a c i l i t y  and EB welded according to f i g u r e  36. Dimen- 
s i o n s  of t h e  unwrapped c y l i n d e r s  are g iven  i n  t a b l e  I X .  
Random measurements of t h i c k n e s s  with a v e r n i e r  micrometer 
on a l l  specimens about 1 i n .  i n  from t h e  edge y i e lded  va lues  
o f  0.0620, f O.OOOJ,,- 0 .0000 ' in .  Specimen des igna t ion  
nomenclature i s  given i n  t a b l e  XXIV. Micromeasurements t ype  
EA06-500BH120 s t r a i n  gages were mounted on t h e  o u t s i d e  us ing  
Bean BR610 adhesive,  t h r e e  i n  t h e  hoop d i r e c t i o n  a t  midlength 
120° a p a r t  and two i n  t h e  a x i a l  d i r e c t i o n  a t  midlength 180° 
a p a r t ,  as f a r  from t h e  weld as p o s s i b l e .  These gages were 
used wi th  an  X-Y p l o t t e r  du r ing  p r e s s u r i z i n g  of t h e  specimens. 
On a l l  specimens except C-1, two a d d i t i o n a l  gages were mounted 
f o r  monitor ing during t h e  creep p o r t i o n  o f  t h e  t es t s ,  one 
l o n g i t u d i n a l  and one t r a n s v e r s e ,  a t  midheight.  These l a t t e r  

i n  t h e  d i r e c t i o n  oE t h e  g r a i n .  The blanks 
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gages were read manual.ly on a s t r a i n  i n d i c a t o r .  Figure 37 
shows a b a r e  c y l i n d e r  w i th  some gages a t t a c h e d ,  Next, t h e  
c y l i n d e r  w a s  wrapped i n  t h e  hoop d i r e c t i o n  wi th  preimpregnated 
g l a s s  roving.  On a l l  specimens except C - 1 ,  t h e  gage l e a d s  
were brought d i r e c t l y  out  from t h e  gage t a b s .  Figure 38 shows 
specimen C - 1  i n  t h e  midst of overwrapping with t h e  l e a d s  
extending some d i s t a n c e  under t h e  wrap. Th i s  technique w a s  
found t o  be u n s a t i s f a c t o r y ,  as explained l a t e r .  Seve ra l  
specimens were s t r a i n e d  w i t h i n  t h e i r  e l a s t i c  range be fo re  
overwrapping t o  o b t a i n  t h e  material modulus. The overwrap 
w a s  uniform i n  t h i c k n e s s  over t h e  middle 9 i n . ,  t h e n  was 
inc reased  i n  t h i c k n e s s  toward t h e  ends such t h a t  t h e  o u t e r  
1 i n .  w a s  t h i c k  enough t o  permit  machining down t o  an o v e r a l l  
diameter  o f  approximately 10.86 i n .  Af t e r  cu r ing ,  t h e  t o t a l  
t h i c k n e s s  of each specimen w a s  measured with a deep t h r o a t  
c a l i p e r  a t  n i n e  l o c a t i o n s ,  t h a t  i s ,  a t  midheight and a t  2 i n .  
above and below midheight on t h r e e  e q u a l l y  spaced meridians.  
N e t  t h i c k n e s s  of t h e  overwrapped f ibe rg la s s l epoxy  w a s  
determined by s u b t r a c t i n g  0.062 i n .  from t h e  o v e r a l l  t h i c k -  
n e s s  measurements. 
and t h r e a d s l i n c h  i n  each l a y e r  a long .wi th  t h e  r e s u l t i n g  
range and average of t h e  v a l u e s  of overwrap th i ckness  are 
g iven  i n  t a b l e  I.X. The manufacturing p l a n  i s  shown i n  
f i g u r e  39. 

The number o f  l a y e r s  of f i b e r g l a s s l e p o x y  

2 .  T e s t  Equipment and Procedure 

The creep t e s t s  w e r e  conducted i n  a f i x t u r e  designed and 
b u i l t  e s p e c i a l l y  f o r  t h e  purpose. It was intended t h a t  t h e  
f i x t u r e  would apply hoop load ing  i n  t h e  specimen wi th  no 
a x i a l  r e s t r a i n t .  This o b j e c t i v e  w a s  s u b s t a n t i a l l y  achieved. 
A schematic diagram of  t h e  arrangement i s  shown i n  f i g u r e  40.  
Figure  41 i s  a view of t h e  assembled f i x t u r e  and specimen. 
O r i g i n a l l y ,  neoprene w a s  used where t h e  Adiprene L-LOO i s  
shown i n  f i g u r e  40,  bu t  i t  could no t  s u s t a i n  t h e  necessa ry  
p r e s s u r e s .  The Adiprene gaske t s  were brushed i n  as the  
f i x t u r e  and specimen were assembled, and d i sca rded  a f te r  
one use .  The mix w a s  e i g h t  p a r t s  Adiprene L-100 t o  one 
p a r t  methyl-ortho-chloro-aniline (MOCA) by weight,  The 
gaske t s  were cured i n  p l a c e  f o r  a minimum of 1 hour a t  
21 2'F. 

Load was app l i ed  by pumping o i l  i n t o  t h e  f i x t u r e  with 
a hand hydrau l i c  pump. Pumping was continued u n t i l  a p r e -  
determined p r e s s u r e  l e v e l  w a s  achieved corresponding t o  a 
predetermined l e v e l  of p l a s t i c  s t r a i n  i n  t h e  t i t an ium.  
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Unloading was accomplished by slowly b l eed ing  t h e  o i l  
back i n t o  t h e  pump. 
and p r e s s u r e  were recorded on a Pace Double Arm 30 x 30 i n .  
X-Y p l o t t e r .  The p r e s s u r e  s i g n a l  w a s  taken from a s t r a i n -  
gage p r e s s u r e  t r ansduce r  i n  t h e  bleed l i n e  of t h e  hydrau l i c  
system. 
r e s i s t a n c e  b r i d g e s  f o r  s t r a i n  and by a dead weight p r e s s u r e  
c a l i b r a t o r  f o r  p r e s s u r e .  The s t r a i n  s i g n a l s  drove t h e  arms 
of t h e  p l o t t e r  and t h e  one p r e s s u r e  s i g n a l  drove both pens. 
The e n t i r e  loading and unloading e f f o r t  took 7 t o  10 min. 

During t h e  pumping o p e r a t i o n  s t r a i n s  

The p l o t t e r  had been p rev ious ly  c a l i b r a t e d  by 

I n  a l l  t es t s  except  C - 1 ,  t h e  gages t h a t  were intended 
p r i m a r i l y  f o r  monitoring c reep  were a l s o  r ead  "on-the-run" 
during t h e  p r e s s u r i z a t i o n  phase of t h e  t es t .  A BLH Model 120 
manual s t r a i n  i n d i c a t o r  was used t o g e t h e r  with a BLH Type 525 
switch and balance u n i t .  
compensation were provided by a gage mounted on a b a r e  
creep specimen c y l i n d e r  l o c a t e d  next  t o  t h e  t es t  specimen. 
It was covered by s e v e r a l  l a y e r s  of glass/epoxy c l o t h  t o  
s imula t e  t h e  overwrap. 
t i t a n i u m  c y l i n d e r s  t o  measure modulus w e r e  run i n  t h e  s a m e  
f a s h i o n  as on t h e  overwrapped c y l i n d e r s  except t h e  range 
of loading w a s  l i m i t e d  t o  about one-half  t h e  e l a s t i c  range 
and t h e  s t r a i n s  were monitored wi th  a manual s t r a i n  i n d i c a t o r .  

Bridge completion and temperature  

P r e s s u r i z a t i o n  runs  made on t h e  b a r e  

Af t e r  release of p r e s s u r e  on t h e  overwrapped specimens, 
s t r a i n  r ead ings  were taken immediately wi th  t h e  manual s t r a i n  
i n d i c a t o r .  
f o r  t h e  f i r s t  few minutes,  every 5 min. f o r  a f e w  increments 
t h e r e a f t e r ,  and then  a t  longe r  i n t e r v a l s  as t h e  s t r a i n  ra te  
dropped. T ime  w a s  recorded manually from an o rd ina ry  wrist 
watch. 
t o  provide an  i n d i c a t i o n  as t o  how long they should be 
taken.  When t h e  rate of s t r a i n  dropped below 5 0 P i n . / i n .  i n  
100 hours ,  t h e  r ead ings  w e r e  stopped. When t h e  t i m e  i n t e r v a l  
between r ead ings  would permit ,  t h e  h y d r a u l i c  hoses were 
disconnected and t h e  o i l  was drained from t h e  t e s t  f i x t u r e  
through a bottom ho le .  The specimen w a s  allowed t o  remain 
i n  t h e  p r e s s u r i z i n g  f i x t u r e  while t h e  s t r a i n  r ead ings  were 
t aken  so  t h a t  e l e c t r i c a l  l e a d s  would not  have t o  be discon-  
nected,  though t h e  f i x t u r e  served no purpose during t h e  
"creep" t e s t  (. 

Readings were taken approximately every minute 

Readings were p l o t t e d  manually as t i m e  pe rmi t t ed  
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Specimens C-1 and C - 2  were intended p r i m a r i l y  t o  provide 
s t r e s s - s t r a i n  r e l a t i o n s  as f a r  into t h e  compressive y i e l d  
range as p o s s i b l e ,  w i t h i n  t h e  l i m i t s  of t h e  p r e s s u r i z i n g  
c a p a b i l i t y  of t h e  e n t i r e  system. Based on t h e s e  r e l a t i o n s ,  
i t  w a s  intended t h a t  specimens C - 7 0 ,  C - 8 0  and C - 9 0  be designed 
and loaded i n  such a manner as t o  have compressive stress 
l e v e l s  of 70, 80, and 90 k s i ,  r e s p e c t i v e l y ,  a t  t h e  end o f  
t h e  p r e s s u r i z a t i o n  c y c l e .  A f t e r  t h e  t es t  o f  C - 1 ,  i t  w a s  
decided t o  record creep d a t a  from C - 2  s i n c e  i t  would be 
a v a i l a b l e  wi th  only a s m a l l  e x t r a  e f f o r t .  Also, because 
of t h e  f a c t  t h a t  t h e  modulus of t he  overwrap and t h e  a c t u a l  
s t r e s s - s t r a i n  r e l a t i o n  of a given specimen were unknown 
u n t i l  a f t e r  t h e  t es t  w a s  over ,  t h e  compressive stress a t  t h e  
beginning of t h e  creep phase w a s  d i f f i c u l t  t o  p r e d i c t .  
Actual ly ,  C - 8 0  had a h i g h e r  compressive s t ress  a f t e r  depres-  
s u r i z a t i o n  t h a n  C-90. Specimen C - 7 0  had a lower s t r e s s  
t h a n  expected so CX-1  w a s  t e s t e d  t o  t r y  t o  f i l l  t h e  gap 
between C - 7 0  and C-90. However, CX-1 t u rned  out  t o  be p r a c t i -  
c a l l y  a d u p l i c a t e  of C - 7 0 .  

The t i m e  of i n i t i a t i o n  o f  creep and t h e  creep phase 
of each t e s t  i s  somewhat a r b i t r a r y .  There w a s  evidence of 
non l inea r  s t r e s s - s t r a i n  behavior  a t  low compressive s t r e s s e s  
wh i l e  p r e s s u r e  w a s  s t i l l  being bled o f f .  We e s t a b l i s h e d  t h e  
beginning of creep as being t h a t  t i m e  when t h e  p r e s s u r e  had 
been bled back t o  zero.  Actual ly ,  i n  every case,  t h e  t i t a n i u m  
compressive stress level s t a r t e d  t o  dec rease  be fo re  t h a t .  
Note a l s o  t h a t  t h e  tes ts  were not  t r u e  c reep  tes t s ,  but  f e l l  
somewhere between creep and r e l a x a t i o n  tes ts .  

3 .  R e s u l t s  

a. Data Analysis - Before any sense could be made of 
t h e  p r e s s u r e - s t r a i n  p l o t s  o r  s t r a i n - t i m e  d a t a ,  i t  w a s  neces-  
s a r y  t o  know t h e  modulus of t h e  b a r e  t i t a n i u m .  T h i s  v a l u e  
w a s  a v a i l a b l e  from t h e  coupon d a t a  desc r ibed  i n  s e c t i o n  D . l . a ,  
b u t  i t  w a s  deemed adv i sab le  t o  o b t a i n  i t  d i r e c t l y  f o r  each 
b a r e  c y l i n d e r  u s i n g  i n t e r n a l  p r e s s u r e  and measuring t h e  s u r f a c e  
s t r a i n .  The s l o p e  w a s  taken from a p l o t  of p r e s s u r e  v e r s u s  
hoop s t r a i n  from which t h e  modulus could be computed. T h i s  
w a s  done f o r  a l l  t h e  specimens t e s t e d  except C - 1  and C-2 .  
The formula i s  based on a simple p r e s s u r e  vessel hoop stress 
formula, and i s  as follows: 

h 

( 3 )  
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where 

E = modulus of t i t a n i u m  

r = r a d i u s  of mid-surface of b a r e  c y l i n d e r  

t = w a l l  t h i c k n e s s  o f  b a r e  c y l i n d e r  

T 

T 

T 
( p / ~ ) ~  = s l o p e  of p r e s s u r e  ve r sus  hoop s t r a i n  p l o t .  

The f i x t u r e  was assumed t o  o p e r a t e  such t h a t  i t  took a l l  t h e  
a x i a l  l oad  and permit ted t h e  c y l i n d e r  t o  c o n t r a c t  a x i a l l y  
u n r e s t r a i n e d .  The a x i a l  s t r a i n / h o o p  s t r a i n  r a t i o  w a s  t hus  
P o i s s o n ' s  r a t i o .  How c l o s e l y  t h e  r a t i o  computed from t h e  
measured s l o p e s  of t h e  p l o t t e r  graphs agreed wi th  accepted 
va lues  of P o i s s o n ' s  r a t i o  w a s  t hen  a measure of  how w e l l  
t h e  f i x t u r e  w a s  ope ra t ing ;  t h a t  i s ,  how f r e e  from a x i a l  
r e s t r a i n t  t h e  b a r e  c y l i n d e r  a c t u a l l y  w a s .  This  q u e s t i o n  i s  
d i scussed  i n  d e t a i l  l a t e r  i n  t h i s  s e c t i o n .  Po i s son ' s  r a t i o  
w a s  computed t h u s l y ,  

where 

( P / E  ) h  = s l o p e  of  t h e  pressure/hoop s t r a i n  p l o t  

( p / ~  )a  = s l o p e  of  t h e  p r e s s u r e / a x i a l  s t r a i n  p l o t .  

Having t h e  t i t a n i u m  modulus i t  w a s  p o s s i b l e  t o  determine 
t h e  hoop modulus of t h e  f ibe rg la s s / epoxy  on a complete spec i -  
men as fo l lows .  . T h e  p r e s s u r e  r e s i s t i n g  c a p a b i l i t y  of t h e  
specimen w a l l  w a s  t aken  as t h e  sum of t h e  c a p a b i l i t y  of t h e  
overwrap p l u s  t h e  c a p a b i l i t y  of t h e  t i t a n i u m .  Thus 

o r  

P =  OG tG + O T  'T ( 5 4  
T r G r 
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where 

= s t r e s s  i n  t h e  overwrap, = E E G G G  
u = s t r e s s  i n  t h e  t i t an ium,  = E E 

T T T  
= t h i c k n e s s  of t he  overwrap 

t G  
r = r a d i u s  t o  midsurface of t h e  overwrap 

G 

and t h e  o t h e r  terns a r e  a s  be fo re .  Then 

E E t  E €  p =  G G G S  T T t T  -__ 
T r G r 

But p e r f e c t  bonding between overwrap and t i t a n i u m  w a s  assumed 
and t h e  measured s t r a i n ,  E ,  w a s  taken as e x i s t i n g  i n  both 
m a t e r i a l s  . So 

E = E  = E  
G T  

o r ,  from equa t ion  (6) 

T 

(7) 

and 

Once t h i s  va lue  of E w a s  obtained f o r  each specimen, i t  was 
assumed t o  remain cons t an t  throughout t h e  t e s t ,  t h a t  i s ,  i t  
w a s  assumed t h a t  t h e r e  w a s  no creep i n  t h e  overwrap, no i n e l a s -  
t i c  behavior  and no h y s t e r e s i s .  

G 

Having E i t  was now p o s s i b l e  t o  compute t h e  e n t i r e  G'  
s t r e s s - s t r a i n  r e l a t i o n  f o r  t h e  t i t a n i u m  e x h i b i t e d  during a 
t e s t ,  e l a s t i c  and i n e l a s t i c ,  t e n s i o n  and compression, and t o  
convert  t h e  c reep  s t r a i n  measurements i n t o  s t r e s s  loss .  For 
s e l e c t e d  v a l u e s  of hoop s t r a i n  ( E )  t h e  corresponding p r e s s u r e  
(p)  was read from t h e  p l o t t e r  graph. Then t h e  s t r e s s  i n  
t h e  t i t a n i u m  w a s  comwted as 
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which comes from equa t ion  (10).  
t h e  overwrap i s  always assumed t o  be e l a s t i c  (E € s u b s t i t u t e d  

f o r a  ) but  not  t h e  t i t an ium.  The computed v a l u e s  of 0 were G T 
p l o t t e d  a g a i n s t  t h e  s e l e c t e d  corresponding v a l u e s  of €to y i e l d  
t h e  s t r e s s - s t r a i n  r e l a t i o n .  During t h e  creep phase o f  t h e  
t e s t ,  t h e  p r e s s u r e  w a s  zero and t h e  stresses i n  t h e  overwrap 
and t i t a n i u m  had t o  be i n  s t a t i c  equi l ibr ium. From equa t ion  
( l o ) ,  w e  have 

Note t h a t  i n  equa t ion  (l), 
G 

Equation (11) w a s  used a f t e r  t h e  p r e s s u r e  came t o  zero;  t h a t  
i s ,  f o r  a l l  d a t a  taken manually with a s t r a i n  i n d i c a t o r .  

It i s  important t o  n o t e  t h e  profound e f f e c t  t h e  computed 
modulus of t h e  overwrap has  on a l l  subsequent de t e rmina t ions  
of t h e  stress-strain and creep behavior  of t h e  t i t a n i u m  
from t h e  measured d a t a .  But, t h e  overwrap modulus, i n  t u r n ,  
i s  d i r e c t l y  dependent on t h e  i n i t i a l  v a l u e  of e las t ic  modulus 
of  t h e  t i t a n i u m  used i n  t h e  d a t a  r e d u c t i o n  process .  
o f  changing t h e  v a l u e  f o r  t h e  t i t a n i u m  modulus i s  i l l u s t r a t e d  
below, i n  t h e  p r e s e n t a t i o n  of t h e  r e s u l t s .  

The e f f e c t  

b .  T e s t  Data - To b e t t e r  understand t h e  d a t a  p re sen ted ,  
t h e  r e a d e r  i s  r e f e r r e d  t o  f i g u r e  42, which i s  a schematic 
r ep r e s e n t  a t i o n  of t h e  s t r e s s 7 s t r a i n  c h a r a c t e r  i s t i c s o f t h e  
t i t a n i u m  and overwrap and d e f i n e s  t h e  symbols used i n  t a b l e  X. 

Column 2 i n  t a b l e  X i s  t h e  average of values of  t h e  
coupon modulus t r a n s v e r s e  t'o t h e  g r a i n  d i r e c t i o n  shown i n  
t a b l e  V I I I .  
and column 4 according t o  equa t ion  ( 4 ) ,  u s i n g  d a t a  from t h e  
b a r e  c y l i n d e r  tes ts .  
convenience. Columns 6 and 7 are computed from equa t ion  (9),  
u s ing  t h e  i n i t i a l  s l o p e s  from t h e  overwrapped specimen 
p r e s s u r e l s t r a i n  graphs where t h e  va lues  i n  column 6 are based 
on u s i n g  E i n  p l a c e  of E Columns 9 and 10 are d a t a  

recorded du r ing  t h e  p r e s s u r i z i n g  phase o f  t h e  tests. Columns 
11 and 1 2  are computed from equat ion (10). 
t h a t  i n  t h r e e  i n s t a n c e s  t h e  maximum s t r a i n  was 2.4%. Since 
t h e r e  w a s  no evidence of t i t a n i u m  f r a c t u r e ,  t h e  EB welds 
used t o  make t h e  m e t a l  c y l i n d e r s  were obviously capab le  of 

Column 3 i s  computed according t o  equa t ion  ( 3 ) ,  

Column 5 i s  r epea ted  from t a b l e  TX f o r  

T T' 

(Note i n  column 10 
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s u s t a i n i n g  t h i s  s t r a i n  l e v e l ,  i n  s p i t e  of t h e  poor performance 
of specimen BEE i n  t h e  b i a x i a l  t es t s . )  The va lues  i n  columns 
1 3  and 14 are  U = CE E 

S s G '  

Using equat ion (10) wi th  each success ive  p r e s s u r e / s t r a i n  
d a t a  p o i n t  and E from column 6 o r  7 ,  it w a s  p o s s i b l e  t o  compute 

U and p l o t  U vs € .  These p l o t s  f o r  a l l  specimens are given T T 
i n  f i g u r e s  43 through 4 8 .  Four of t h e  s h e e t s  have two s t r e s s -  
s t r a i n  cu rves ,  one based on t h e  coupon modulus and one based on 
t h e  bare  c y l i n d e r  modulus. From t h e s e  curves,  one can p i c k  
o f f  t h e  v a l u e s  i n  columns 16 through 22.  The unloading and 
r e load ing  curve i n  f i g u r e  45 i s  explained below, i n  t h e  d i scus -  
s i o n  of specimen C-90.  

G 

For t h e  creep phase of t h e  tes ts ,  t h e  s t r a i n / t i m e  d a t a  
i s  shown i n  f i g u r e s  49 through 5 3 .  A curve r ep resen t ing  a 
constant  s t r a i n  r a t e  of 50 x 10'6/100 hours i s  a l s o  shown. 
T h i s  curve w a s  a r b i t r a r i l y  l o c a t e d  on each c h a r t  t o  i l l u s t r a t e  
t h e  f a c t  t h a t  t h e  t e s t s  were continued u n t i l  t h e  creep r a t e  
w a s  less  than  t h i s  amount, as r equ i r ed  by t h e  c o n t r a c t .  Using 
equat ion (ll), i t  w a s  p o s s i b l e  t o  compute t h e  stress s t a t e  a t  
each t i m e  t h a t  a s t r a i n  reading w a s  taken,  i nc lud ing ,  of course,  
t h a t  time when t h e  creep t e s t  w a s  considered t o  be over .  These 
stress v a l u e s  are l i s t e d  i n  columns 25 through 28.  The d i f f e r -  
ences  between t h e  end of t h e  p r e s s u r i z a t i o n  phase of t h e  t es t s  
and t h e  end of t h e  creep t e s t s  a r e  given i n  columns 31 through 
35 .  Note t h a t  t h e  t e rmina t ions  of t h e  c reep  t e s t s  do not  neces- 
s a r i l y  correspond e x a c t l y  t o  a creep r a t e  of 50 x 10-6/100 hours,  
bu t  r a t h e r  are some a r b i t a r y  p o i n t s  beyond t h e  t i m e s  when t h e  
creep r a t e  f e l l  below 50 x 10'6/100 hours.  
were terminated when t h e  d a i l y  v a r i a t i o n  i n  s t r a i n  readings 
due t o  temperature  change, instrument  d r i f t ,  switch r e s i s t a n c e ,  
e t c ,  w a s  g r e a t e r  t han  any d e t e c t a b l e  s t r a i n  change due t o  
c reep .  This  s t a t e  w a s  apparent  when t h e  r ead ings  s t a r t e d  t o  
r e v e r s e .  

General ly ,  t h e  t e s t s  

c .  Data I n t e r p r e t a t i o n  - By us ing  equat ion (ll), t h e  
s t r a i n / t i m e  curves f o r  t h e  t i t a n i u m  were converted t o  stress/ 
t i m e  curves .  These are p l o t t e d  f o r  a l l  tests i n  f i g u r e  5 4 .  
Except f o r  specimen C - 2 ,  a p a i r  of curves  i s  a v a i l a b l e  f o r  
each specimen because of t h e  two va lues  of E 
a n a l y s i s .  However, only one i s  shown f o r  each specimen i n  
f i g u r e  5 4 .  A s e l e c t i o n  w a s  made f o r  E based on t h e  "reason- 
ableness" of t h e  computed s t r e s s - s t r a i n  diagrams and 

used i n  t h e  d a t a  T 

T 
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cons i s t ency  of approach. For example, t h e  maximum s t r e s s  
computed f o r  C-70  u s ing  E 
i s  cons ide rab ly  higher  t han  t h e  s t r e n g t h  of t h e  m a t e r i a l .  
Therefore ,  it was decided t o  use t h e  coupon modulus, ETc f o r  

t h e  computations f o r  f i g u r e  54 .  A s  one would expect ,  t he  h ighe r  
t h e  stress a t  t h e  s tar t  of t h e  creep tes t ,  t h e  more t h e  l o s s  
i n  s t ress  during t h e  t e s t .  

= 18.15 x 106 p s i  i s  141 k s i ,  which T 

I n  f i g u r e  55, t h e  unloading p o r t i o n  of a l l  t h e  stress- 
s t r a i n  diagrams w a s  normalized along t h e  s t r a i n  a x i s  so t h a t  
t hey  a l l  passed through t h e  same s t r a i n ,  t hus  providing a 
conunon s t a r t i n g  p o i n t  f o r  t h e  compression p o r t i o n .  Also shown 
i s  t h e  s ta te  o f  stress a t  v a r i o u s  t i m e s  from t h e  s t a r t  of t h e  
creep t e s t .  This  f i g u r e  aga in  i l l u s t r a t e s  t h e  higher  creep 
r a t e  and g r e a t e r  t o t a l  c r eep  s t r a i n  due t o  g r e a t e r  compressive 
s t r e s s  a t  t h e  s t a r t  of c r eep  and i s  n o t a b l e  f o r  t h e  d e p a r t u r e  
from s t r a i g h t  l i n e  behavior  t h a t  i s  ev iden t  a t  low compressive 
stresses. 

Seve ra l  of t h e  i n d i v i d u a l  tes ts  deserve s p e c i a l  d i s c u s s i o n .  
Creep r ead ings  were taken on specimen C-1 a f t e r  t h e  p r e s s u r i z a -  
t i o n  p o r t i o n  w a s  f i n i s h e d .  However, t h e  d a t a  were ve ry  p e c u l i a r  
i n  t h a t  t hey  seemed t o  have t h e  wrong s i g n ,  t h a t  i s ,  t hey  seemed 
t o  i n d i c a t e  t h e  t i t a n i u m  w a s  growing. Af t e r  thoroughly checking 
t h e  p o l a r i t y  of t h e  in s t rumen ta t ion  system and f i n d i n g  nothing 
wrong, t h e  r ead ings  were terminated.  I n s p e c t i o n  of t h e  spec i -  
men a f t e r  dismantl ing t h e  f i x t u r e  r evea led  s l i g h t  bumps on t h e  
i n s i d e  o p p o s i t e  t h e  s t r a i n  gage l ead  wi re  l o c a t i o n s .  Apparently 
during overwrapping t h e  l e a d  wires made an impression i n  t h e  
l i n e r .  During t h e  c reep  tes t ,  t h e s e  impressions y i e lded ,  
r e l i e v i n g  t h e  s t r a i n  i n  ad jacen t  p o r t i o n s ,  where t h e  s t r a i n  
gages w e r e  l o c a t e d .  The s t r a i n  gages recorded a dec rease  i n  
compressive s t r a i n  ( an  i n c r e a s e  i n  s i z e )  while  t h e  g r o s s  change 
w a s  t o  a sma l l e r  s i z e .  Based on t h i s  experience,  i t  w a s  decided 
i n  a l l  subsequent tes ts  t o  t a k e  t h e  l e a d s  s t r a i g h t  ou t  through 
t h e  overwrap. 

A f t e r  t e rmina t ing  t h e  s t r a i n  r ead ings  on t h e  c reep  p o r t i o n  
o f  t h e  t es t  o f  C - 2  i t  w a s  re loaded s i x  t imes t o  t h e  s a m e  l e v e l  
as during t h e  i n i t i a l  p r e s s u r i z a t i o n .  Each p r e s s u r e / s t r a i n  
c y c l e  e x h i b i t e d  h y s t e r e s i s ,  but  t h e  s t r a i n  a t  maximum p r e s s u r e  
w a s  always t h e  same and t h e  unloading cu rves ,  i n c l u d i n g  t h e  
compression p o r t i o n ,  were i d e n t i c a l  ( f i g .  4 4 ) .  The loading 
curve always had an  i n e l a s t i c  p o r t i o n  t h e  range of which 
depended on ly  on how much t ime w a s  permit ted t o  e l a p s e  between 
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c y c l e s .  The longer  t h e  wait ,  t h e  wider t h e  h y s t e r e s i s  loop.  
On two of t h e  s i x  r e load ings ,  t h e  p r e s s u r e  was not  allowed t o  
drop t o  zero,  though t h e  t i t a n i u m  w a s  i n  t h e  i n e l a s t i c  compres- 
s i o n  range b e f o r e  r e p r e s s u r i z a t i o n .  

During t h e  p r e s s u r i z a t i o n  of C-90 ,  t h e  Adiprene seal b l e w  
o u t .  The t i t a n i u m  w a s  a l r e a d y  i n  t h e  i n e l a s t i c  r eg ion .  The 
l i n e r  w a s  r ep laced  and f i v e  days l a t e r  ano the r  p r e s s u r i z a t i o n  
cyd le  w a s  run .  A l l  e l e c t r i c a l  l e a d s  had t o  be disconnected t o  
djsassemble and reassemble t h e  f i x t u r e .  S t i l l ,  t h e  p l o t  of t h e  
r e r u n , f i t  t h e  f i r s t  run  e x a c t l y  a t  t h e  p o i n t  of f i r s t  run  
maximum p r e s s u r e ,  as can be seen i n  f i g u r e  45. The h y s t e r e s i s  
i n  t h e  r e l o a d i n g  p o r t i o n  of t h e  s t r e s s / s t r a i n  diagram i s  a 

t h e  smdll amount of creep t h a t  took p l a c e  a t  t h e  40 k s i  
compressive stress l e v e l .  

s u l t  of t h e  i n e l a s t i c  behavior  i n  t h e  compression r eg ion  and 

The abnormal va lues  of modulus and P o i s s o n ' s  r a t i o  d e t e r -  
mined on t h e  unwrapped t i t a n i u m  c y l i n d e r s  bear  d i s c u s s i n g .  
The s t a t e  of p l a n e  s t ress  i n  a c y l i n d e r  i s  de f ined  by t h e  
equa t ions  

E €  = U  -U Oa h h  

where 

E = modulus of t h e  material  

€i and Qa = s t r a i n  and s t r e s s  i n  t h e  a x i a l  d i r e c t i o n  

'6 
; h  a n d O h  = s t r a i n  and s t r e s s  i n  t h e  hoop d i r e c t i o n  

V = Poi s son ' s  r a t i o .  

I f  t he re  i s  no a x i a l  r e s t r a i n t ,  t h e n  Ua = 0 and 

and 

E € a  = -VU ( o r V =  - € a / € h )  L _  

h 
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Equation (13) i s  t h e  c l a s s i c a l  way t o  determine E ,  t h a t  i s ,  
by measuring t h e  major stress and s t r a i n  i n  a u n i a x i a l  t e n s i o n  
t e s t .  
we o b t a i n  

However, i f  t h e r e  i s  a x i a l  r e s t r a i n t ,  t h e n U a  # 0 and 

Taking t h e  r a t i o  0 / E  

r a t h e r  something g r e a t e r  t han  E ,  s i n c e  a l l  v a l u e s  are p o s i t i v e .  
How much g r e a t e r  depends on t h e  amount of a x i a l  r e s t r a i n t ,  
t h a t  i s ,  on t h e  v a l u e  of Oa/ 0 h’ 
s i c a l  way of determining V ,  t h a t  i s ,  by measuring t h e  p r i n c i p a l  
s t r a i n s  i n  a u n i a x i a l  t e n s i o n  t e s t .  

expres s ion  f o r  P o i s s o n ’ s  r a t i o  becomes 

from a p l o t  does not  now g ive  E, but h h  

Equation (14) i s  t h e  c l a s -  

But, with Oa # 0, t h e  

‘a v = - -  
h 

€ (16) 

Since 0 / * i s  p o s i t i v e ,  and €a/ E h  i s  n e g a t i v e  and less i n  a h  I 

‘a ‘h 1 - - -  
‘h a E 

€ 

E 
ua a I - -  - 
h h  

U 

a b s o l u t e  v a l u e  than  1, t h e  expres s ion  i n  b r a c k e t s  i s  always 
g r e a t e r  t h a n  1. 

p l o t  without  mul t ip ly ing  by t h e  q u a n t i t y  i n  b r a c k e t s ,  g ives  a 
va lue  of U t h a t  i s  t o o  low. 

Thus V > -  ( €a/  E h )  and t a k i n g  Ea/ € h  from a 

R e f e r r i n g  t o  columns 3 and 4 i n  t a b l e  X, both ET and V 

a r e  h i g h e r  t h a n  g e n e r a l l y  accepted v a l u e s  f o r  C-90, C-70 and 
C-X1 .  Both d e p a r t u r e s  from accepted v a l u e s  cannot b e  a t t r i -  
buted s imultaneously t o  a x i a l  r e s t r a i n t .  I f  t h e r e  w e r e  a 
c o n s i s t e n t  e r r o r  i n  t h e  hoop s t r a i n  r ead ings  (say,  a poor 
c a l i b r a t i o n )  both E andvwould  be t o o  h i g h  bu t  by t h e  same 
percentage.  I n s t e a d ,  t h e  v a l u e s  o f u i n  ques t ion  i n  t a b l e  X 
are r e l a t i v e l y  much f u r t h e r  from t h e  accepted va lue  (approx. 18%) 
than  are t h e  v a l u e s  of E d i f f e r e n t  from t h e  coupon v a l u e  f o r  
t h e s e  ve ry  s h e e t s  (approx. 3 - 8%). A combination of some 
a x i a l  r e s t r a i n t  and a c o n s i s t e n t  e r r o r  i n  t h e  a x i a l  gage would 
account f o r  t h e  e f f e c t s  recorded.  Assuming t h i s  t o  b e  t h e  
s i t u a t i o n ,  i t  i s  i n s t r u c t i v e  t o  estimate t h e  amount of  a x i a l  
r e s t r a i n t  p r e s e n t  i n  t h e  t e s t  of a b a r e  c y l i n d e r ,  say (2-70. 
Using equa t ion  (15) wi th  E = 16.86 x l o 6  p s i ,  Oh/ € h  = 18.15 x lo6 

T 
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p s i ,  and Y = 0.33, we o b t a i n  O a / u h  = 0.215. I n  o t h e r  words, 

t h e  a x i a l  s t r e s s  was 21.5% o f  t h e  hoop stress r a t h e r  t h a n  t h e  
zero v a l u e  assumed. Complete a x i a l  r e s t r a i n t ,  such as t h a t  i n  
a p r e s s u r e  v e s s e l ,  would y i e l d  a va lue  of Oa/ Oh = 0.5. 

Specimen C-70 i s  t h e  worst  c a s e .  The r e s t r a i n t  computation 
f o r  C-90 and C-X1 ,  based on t h e  same assumptions, y i e l d s  
Qa /Oh  = 0.121 and 0.097, r e s p e c t i v e l y .  There i s  no way of 

knowing whether s imi la r  r e s t r a i n t  e x i s t e d  when t h e  overwrapped 
c y l i n d e r s  were t e s t e d .  

4 .  Conclusions 

I n  s p i t e  of some doubt which may e x i s t  about t h e  a b s o l u t e  
magnitude of t h e  creep s t r a i n s  and stresses because of t h e  
ques t ion  of a x i a l  r e s t r a i n t ,  some gene ra l  conclusions may be 
drawn. Titanium d e p a r t s  from s t r a i g h t  l i n e  behavior i n  compres- 
s i o n ,  a f t e r  having been loaded i n  t e n s i o n ,  a t  compressive 
s t r e s s e s  whose a b s o l u t e  va lue  i s  less than  halE t h e  t e n s i l e  
y i e l d  s t r e n g t h .  The de te rmina t ion  of a compressive y i e l d  
s t r e n g t h  a f t e r  t e n s i l e  loading i s  t h u s  q u i t e  a r b i t r a r y ,  and 
widely va ry ing  va lues  can be obtained depending on t h e  d e f i n i -  
t i o n  of y i e l d  s t r e n g t h  one wishes t o  use.  I n  a p r e s s u r e  v e s s e l  
a p p l i c a t i o n  such as t h e  one under cons ide ra t ion ,  l o s s e s  i n  
compressive stress a r e  qu ick ly  a r r e s t e d  and a state of e q u i l i -  
brium i s  reached because of t h e  dec reas ing  load level which 
accompanies t h e  creep.  Successive t e n s i l e  l oad ings  s t a r t i n g  
from a s t a t e  of  high compressive s t ress ,  a f t e r  creep has  been 
allowed t o  t a k e  p l a c e ,  e x h i b i t  h y s t e r e s i s  and some p l a s t i c  
deformation i n  both t e n s i o n  and compression, though t h e  t i t a n i u m  
always goes through e s s e n t i a l l y  t h e  same maximum t e n s i l e  stress- 
s t r a i n  po in t :  i t  must, i f  t h e  overwrap remains e l a s t i c .  

E. LINER MATERIAL TENSION TESTS 

The design of t h e  p r e s s u r e  v e s s e l  of i n t e r e s t  was s e n s i t i v e  
t o  t h e  p r o p e r t i e s  of t h e  t i t a n i u m  l i n e r  mater ia l .  Therefore ,  
i t  w a s  decided t o  make t h e  t es t s  needed t o  o b t a i n  d a t a  f o r  i npu t  
t o  t h e  computer program on samples of t h e  a c t u a l  material t o  
be used i n  t h e  l i n e r s .  Tension t e s t s  were made a t  room tempera- 
t u r e ,  I i q u i d  n i t r o g e n  temperature ,  and l i q u i d  hydrogen t e m -  
p e r a t u r e .  
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1. Specimen P r o p e r t i e s  

The t e n s i o n  specimens were c u t  from t h r e e  4 x 10 f t  
p i e c e s  of 5Al -2.5Sn t i t a n i u m  (ELI)  w i t h  a nominal t h i c k n e s s  
of 0.220 i n .  obtained from React ive Metals, Inc .  Vendor d a t a  
are given i n  t a b l e  X I ;  t h e  c o n f i g u r a t i o n  of t h e  specimens 
i s  snown i n  f i g u r e  56. Corners 8.2 x 16.4 i n .  were c u t  from 
t h r e e  p l a t e s  t o  provide t h e  specimen b lanks .  Measured 
dimensions of t h e  coupons a r e  given i n  t a b l e  X I I .  Specimen 
d e s i g n a t i o n  nomenclature i s  given i n  t a b l e  XXIV.  Measure- 
ments were made w i t h  a m a c h i n i s t ' s  micrometer, i n c o r p o r a t i n g  
a 0.0001 i n .  v e r n i e r .  The f i r s t  l e t t e r  i n  t h e  d e s i g n a t i o n  
i n d i c a t e s  t h e  p l a t e  from which t h e  coupon w a s  c u t .  

2. T e s t  P l an  and Set-Up I 

The q u a n t i t i e s  t o  b e  determined from t h e s e  t es t s  were 
t h e  modulus of e l a s t i c i t y ,  y i e l d  s t r e n g t h ,  P o i s s o n ' s  r a t i o ,  
s t i f f n e s s  i n  t h e  i n e l a s t i c  region of behavior ,  e longa t ion  a t  
f r a c t u r e ,  and f r a c t u r e  s t r e n g t h ,  a t  70°F, -320°F, and -423OF. 
Severa l  measurement methods were used, i nc lud ing  s t r a i n  gages,  
an extensometer,  and an o rd ina ry  m a c h i n i s t ' s  r u l e .  S t r a i n  
gages were used t o  determine P o i s s o n ' s  r a t i o  by s t r a i n i n g  t h e  
specimen s i x  t i m e s  w i th in  t h e  e l a s t i c  l i m i t  and r eco rd ing  t h e  
ou tpu t  of l o n g i t u d i n a l  gages t h r e e  t i m e s  and of t r a n s v e r s e  
gages t h r e e  times. The p l o t s  were a l s o  used t o  compute t h e  
modulus of e l a s t i c i t y .  S t r a i n  gage ou tpu t  w a s  a l s o  used t o  
determine t h e  y i e l d  s t r e n g t h  and corresponding s t r a i n ,  and t h e  
s lope  o f  t h e  i n i t i a l  p o r t i o n  of t h e  i n e l a s t i c  r eg ion  of behavior .  
An extensometer w a s  mounted on t h e  specimens t e s t e d  a t  room 
t e m p e r a t w e  i n  o rde r  t o  o b t a i n  t h e  e n t i r e  s t r e s s - s t r a i n  r e l a t i o n ,  
i nc lud ing  f r a c t u r e  s t r a i n .  The r e s u l t i n g  p l o t s  are  shown i n  
f i g u r e  57. Elongat ion a t  f r a c t u r e  w a s  a l s o  measured wi th  an 
o r d i n a r y  m a c h i n i s t ' s  s c a l e .  The d i s p o s i t i o n  of each of t h e  
t e n s i l e  specimens i s  given i n  t a b l e  X I I I .  

A l l  t h e  t e s t s  were run i n  a 60,000 pound c a p a c i t y  BLH 
h y d r a u l i c  t e s t i n g  machine f i t t e d  wi th  an  SRA-7 t ype  r e c o r d e r .  
The extensometer used i s  a custom b u i l t  u n i t  comprising s t r a i n  
gages mounted on f l e x u r e  beams. It w a s  c a l i b r a t e d  by mounting 
i t  on a supermicrometer and r eco rd ing  t h e  ou tpu t  from i n c r e -  
mental changes. The s t r a i n  gages on t h e  t es t  coupons were 
Micromeasurements Type WK-06-250BG-350 mounted with BR610 o r  
GA-5 cement. For t h e  cryogenic  tests a s p e c i a l l y  b u i l t  c r y o s t a t  
was f i t t e d  i n t o  t h e  t e s t i n g  machine which pe rmi t t ed  t h e  chang- 
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i n g  o f  specimens without emptying. A coupon was completely 
immersed i n  t h e  cryogen throughout i t s  t e s t .  

3 .  Resu l t s  

The d a t a  from t h e  t e n s i l e  t e s t s  of t h e  l i n e r  material 
coupons a r e  p re sen ted  i n  t a b l e s  X I V  through X V I I I .  I n  t a b l e  
XI", t h e  unusual va lues  of P o i s s o n ' s  r a t i o  were d i s r ega rded  
and a room temperature  va lue  of 0 .34  w a s  determined by 
e x t r a p o l a t i o n  from t h e  cryogenic v a l u e s .  
extensometer d a t a  i s  p re sen ted  f o r  comparison t o  e s t a b l i s h  t h e  
r e l i a b i l i t y  o f  t h e  va lues  measured from t h e  s t r a i n  gage 
o u t p u t s .  The d a t a  i n  t a b l e  X V I  are se l f - exp lana to ry .  Except 
f o r  some e longa t ion  v a l u e s  a t  -3200F, t h e  d a t a  a r e  c o n s i s t e n t  
and ag ree  wi th  what w a s  expected. 

I n  t a b l e  XV t h e  

The q u a n t i t i e s  l i s t e d  i n  t a b l e  X V I I  were determined d i r e c t l y  
from t h e  l o a d / s t r a i n  p l o t s  on t h e  r e c o r d e r .  
program r e q u i r e s  a b i - l i n e a r  form of s t ress  v s  s t r a i n  r e l a t i o n  
as i n p u t ,  i t  w a s  necessary t o  l i n e a r i z e  t h e  recorded p l o t s .  
The i n t e r s e c t i o n  s t r e s s y o  i s  de f ined  as t h e  s t ress  a t  t h e  

i n t e r s e c t i o n  of t h e  e l a s t i c  and i n e l a s t i c  s lopes .  It i s  a 
p o i n t  t h a t  does not e x i s t  on t h e  real  curve.  To g e t  t h e  v a l u e  
of t h e  i n e l a s t i c  s lope ,  a s t r a i g h t  l i n e  was passed through t h e  
r e a l  room temperature  stress ve r sus  s t r a i n  curves  a t  s t r a i n s  
of 0.0150 and 0.0275 ( f i g .  58) .  These v a l u e s  were chosen 
because 0.0150 w a s  t h e  median s t r a i n  i n  t h e  domes a t  room 
temperature  and s i z i n g  p r e s s u r e  (4480 p s i )  and 0.0275 w a s  t h e  
maximum head s t r a i n  a t  b u r s t  (5600 p s i )  as determined a t  t h e  
t ime by t h e  e f f o r t  on Task 11. (See chap te r  I - I n t r o d u c t i o n ,  
f o r  v e s s e l  des ign  p r e s s u r e  s p e c i f i c a t i o n s ) .  Thus, s t r e s s  
c a l c u l a t i o n s  would be "co r rec t "  a t  two c r i t i c a l  p o i n t s .  The 
va lues  of 0 at  t h e  cryogenic  temperatures  w e r e  determined 

by t ak ing  t h e  r a t i o  of 0 t o  t h e  0.2% o f f s e t  s t r e s s  a t  room 

temperature  ( 0  ) and mul t ip ly ing  by t h e  0.2% o f f s e t  s t r e s s  

a t  t h e  cryogenic  temperature,  thus:  

Since t h e  computer 

I' 

I 

I 
0 .2  

- 
(OI) -320 - ( 00.2) -320  

and 
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To o b t a i n  t h e  i n e l a s t i c  s l o p e  va lues  a t  cryogenic temperatures ,  
a s t r a i g h t  l i n e  was passed b e t w e e n 0  and t h e  0.015 s t r a i n  

p o i n t  on t h e  real  curve.  These i n e l a s t i c  s lope  va lues  were n o t  
used, however, because t h e y  w e r e  q u i t e  e r r a t i c .  The va lues  
of a l l  t h e  p r o p e r t i e s  a v a i l a b l e  from t h e  d a t a  are summarized 
i n  t a b l e  X V I I I ,  wi th  an  exp lana t ion  of t h e  means f o r  d e t e r -  
mining t h e  d e r i v a t i v e s  wi th  temperature ,  and are t h e  va lues  
provided f o r  i npu t  t o  t h e  des ign  computer program. Since t h e  
computer program d id  not  d i s t i n g u i s h  between l o n g i t u d i n a l  and 
t r a n s v e r s e  v a l u e s ,  t hey  were averaged. 

I 

F. NOL R I N G  TESTS OF FIBERGLASS/EPOXY COMPOSITE 

I n  o r d e r  t o  check t h e  q u a l i t y  of t h e  preimpregnated 
roving ob ta ined  f o r  overwrapping t h e  creep specimens, some t e s t s  
w e r e  made of s tandard NOL r i n g s .  The material  w a s  20 end 
S-HTS/E796 suppl ied by U .  S .  Polymeric Gorp. A c y l i n d e r  
4.80 i n .  long, c o n s i s t i n g  of s i x  l a y e r s  w a s  wound a t  18 th reads /  
i n .  on a n  aluminum mandrel. It w a s  cured a t  150°F f o r  2 hours 
and 300°F ove rn igh t .  The s u r f a c e  w a s  machined, and f i v e  r i n g s  
were c u t  from t h e  c y l i n d e r ,  t hen  t e s t e d  a t  room temperature.  The 
tes ts  were run  on a 50,000 l b  c a p a c i t y  BLH hydrau l i c  t e s t i n g  
machine a t  a head movement r a t e  of 0 . 1  in . /min.  Data from t h e s e  
t es t s  are l i s t e d  i n  t a b l e  X I V .  Assuming t h e  "rule-of-mixtures"  
and a f i b e r  con ten t  of 65% by volume y i e l d s  a f i b e r  s t r e n g t h  of 
approximately 435 k s i .  

111. TASK I1 - PRESSURE VESSEL DESIGN 

A. INTRODUCTION 

A procedure f o r  designing f i l amen t  overwrapped p r e s s u r e  
v e s s e l s  with load bea r ing  l i n e r s  has  been given by Morris ,  e t  a1 
( r e f  3)  along wi th  a companion computer program ( r e f  4 ) .  The 
procedure w a s  extended i n  t h i s  s tudy,  t o  a l low t h e  l i n e r  
t h i c k n e s s  t o  va ry  i n  t h e  heads,  and t h e  computer program w a s  
modified acco rd ing ly .  Th i s  ex tens ion  provides  l i g h t e r  weight 
vessel des igns  by varying l i n e r  t h i ckness  i n  t h e  heads t o  
approach a f u l l y  s t r e s s e d  design.  Extensions of t h e  a n a l y s i s  
and computer program are given i n  s e c t i o n  1II.B; t h e  vessel 
des ign  i s  given i n  s e c t i o n  II1.C. 
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Appendix A con ta ins  a d d i t i o n a l  nomcnclature, t h e  flow 
c h a r t  f o r  a new subrou t ine  "VARLINR" i s  shown i n  appendix B ,  
and t h e  f i n a l  v e s s e l  des ign  computer run  i s  shown, i n  p a r t ,  
i n  appendix C as a s a m p l e  run.  

Two changes i n  t h e  computer program beyond those  
r equ i r ed  f o r  v a r i a b l e  th i ckness  l i n e r s  were made. The sub- 
r o u t i n e  "TESTO" has been d e l e t e d  so t h a t  t h e  e n t i r e  program i s  
w r i t t e n  i n  FORTRAN IV and t h e  d u p l i c a t e  p r i n t i n g  of t h e  second 
head, when both heads a r e  i d e n t i c a l ,  has  been e l imina ted .  

B. ANALYSIS AND COMTUTER PROGRAM 

Since t h i s  t a s k  c o n s i s t e d  of extending t h e  work of 
r e f e r e n c e  4 t o  v a r i a b l e  th i ckness  l i n e r s ,  t h e  d i s c u s s i o n  i s  
l i m i t e d  t o  those  p a r t s  t h a t  were changed and f r equen t  r e f e r e n c e  
t o  t h a t  s tudy i s  made. Reference 4 l i s t s  13 assumptions on 
pages D - 1  and D-2 .  The on ly  one of t h e s e  which was r e l axed  i s  
t h e  one regarding l i n e r  t h i c k n e s s .  I n  t h i s  s tudy t h e  l i n e r  
t h i ckness  i n  t h e  head can vary wi th  r a d i a l  p o s i t i o n  and t h i s  
v a r i a t i o n  need not be t h e  same f o r  both heads. The a n a l y s i s  of 
r e f e r e n c e  4 i s  d iv ided  i n t o  f i v e  s e c t i o n s .  Two of t h e s e ,  
Analysis of Parameters,  and Cylinder  Design, d i d  not r e q u i r e  
mod i f i ca t ion  s i n c e  they cons ide r  cond i t ions  a t  t h e  equator  of t h e  
head and i n  t h e  c y l i n d e r  r e s p e c t i v e l y .  

The head des ign  i s  given i n  s e c t i o n  1I.B of r e f e r e n c e  4 and 
i t  r equ i r ed  ex tens ive  mod i f i ca t ion .  It i s  based upon l i n e a r  
membrane theo ry  f o r  t h e  combined l i n e r  and overwrap, n e t t i n g  
a n a l y s i s  ( r e f .  5 and 6)  f o r  t h e  overwrap, and an assumed 
s t r e s s  s t a t e  of t h e  l i n e r .  The membrane theory equ i l ib r ium * 

equat ions ( eqs .  28 and 29 of r e f .  4 )  remain v a l i d  f o r  a v a r i a b l e  
th i ckness  s h e l l  and t h e  equat ions f o r  t h e  l i n e r  s t r e s s  r e s u l t a n t  
( eqs ,  31 and 31a of r e f .  4 )  are modified by us ing  t h e  l i n e r  
t h i ckness  a t  a gene r i c  p o i n t ,  

This  causes  t h e  cons t an t  "K", as de f ined  by equat ion 32a of 
r e f  4 ,  t o  become a v a r i a b l e  

K = K(X) 
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When t h e s e  changes are c a r r i e d  through t h e  f i n a l  equa t ion  f o r  
head shape may be w r i t t e n  i n  t h e  form given i n  r e f  4 ,  equa t ion  
47, by m u l t i p l y i n g  "K" of r e f  4 by t L ( X ) / t L ( a ) .  

The s e c t i o n  e n t i t l e d  S t r u c t u r a l  Analysis ,  i n  r e f  4 ,  c a l c u l a t e s  
s t r e s s e s  and s t r a i n s .  Many of t h e  equa t ions  i n  t h i s  s e c t i o n  a r e  
used f o r  t h e  c y l i n d e r  and heads. 
t o  r e p l a c e  t with t (X) when an equa t ion  i s  app l i ed  t o  the  head. 

The on ly  change r equ i r ed  i s  

L L 

Vessel c h a r a c t e r i s t i c s ,  such as weight ,  volume and p e r f o r -  
mance f a c t o r ,  are determined i n  t h e  l as t  s e c t i o n .  The only 
formula i n  t h i s  s e c t i o n  which r equ i r ed  mod i f i ca t ion  i s  t h e  one 
used t o  c a l c u l a t e  l i n e r  volume i n  t h e  head (eq.  80) .  It w a s  
modi f i ed t o  

The bracketed q u a n t i t y  i n  t h i s  expres s ion  i s  t h e  " c o r r e c t i o n '  
f ac to r "  o f  r e f e r e n c e  4 .  

The computer program given i n  r e f e r e n c e  4 has 8 subrou t ines .  
One of t h e s e ,  "TESTO" , w a s  e l imina ted  as mentioned earlier and 
a new subroutine,"VARLINR" w a s  added. 
sub rou t ines ,  'IRUNKUT" and "SERCYC", and t h e  main program had t o  
be modified.  The new subrou t ine  c a l c u l a t e s  l i n e r  t h i c k n e s s  a t  
each p o i n t  of each head, It i s  c a l l e d  whenever l i n e r  t h i c k n e s s  
i s  needed and has been w r i t t e n  so t h a t  d i f f e r e n t  f u n c t i o n a l  forms 
f o r  l i n e r  t h i c k n e s s  v a r i a t i o n  may be i n s e r t e d  by changing t h e  
equa t ion  i n  t h i s  sub rou t ine .  Logarithmic,  p a r a b o l i c ,  exponen t i a l ,  
and piecewise l i n e a r  v a r i a t i o n s  have been run. A ske tch  of t h e  
piecewise l i n e a r  v a r i a t i o n  i s  shown i n  f i g u r e  59.  The equa t ion  
f o r  l i n e r  t h i c k n e s s  i n  t h e  l r j t h ' '  i n t e r v a l  of t h e  l l i t h "  (i = 1 , 2 )  
head i s  

Two of t h e  remaining 

This  form of v a r i a t i o n  was used i n  t h e  sample problem given i n  
appendix C and t h e  f i n a l  vessel design.  It a f f o r d s  t h e  
g r e a t e s t  f l e x i b i l i t y  i n  p r e s c r i b i n g  l i n e r  t h i ckness .  
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Modif icat ions were r equ i r ed  i n  t h e  main program f o r  i npu t ,  
o u t p u t ,  l i n e r  t h i c k n e s s ,  IIK", and c a l l i n g  t h e  new s u b r o u t i n e ,  
Sub r o u t i n e  I t  RUNKXP' numeric a1 1 y i n t e g r a t e s  t h e  d i f f e r e n t  i a1 
equat ion of head shape; equa t ion  47 of r e f e r e n c e  4.  
i s  no longer  cons t an t ,  rrRUNKLTT" w a s  modified t o  c a l c u l a t e  "R' 
a t  each p o i n t  of i n t e g r a t i o n .  It c a l l s  "VARLINR" f o r  l i n e r  t h i c k -  
nes s  a t  each p o i n t .  Subrout ine "SERCYC" c a l c u l a t e s  stresses 
and s t r a i n s  f o r  t h e  vessel. It uses  l i n e r  t h i ckness  i n  t h e s e  
c a l c u l a t i o n s ;  hence i t  w a s  modified t o  u s e  t h e  proper l i n e r  
t h i ckness  a t  each po in t  of t h e  heads. 

Since "R' 

Seven a d d i t i o n a l  i npu t  c a r d s  are r equ i r ed  i n  t h e  modified 
program. The f i r s t  s i x  of t h e s e  ca rds  d e f i n e  l i n e r  t h i ckness  
v a r i a t i o n  and t h e  seventh ca rd  t a k e s  t h e  p l a c e  of sub rou t ine  
"TESTO". Table XX shows t h e  format and symbols f o r  t h e s e  c a r d s .  
The C L T ( i , j )  are c o e f f i c i e n t s  of l i n e r  t h i ckness  v a r i a t i o n  f o r  
t h e  Il i th" head as shown i n  f i g u r e  59. The symbols ISOLH, IEBLH, 
e t c ,  a r e  inpu t  zero i f  t h e  q u a n t i t y  was i n p u t ;  otherwise they  
are  inpu t  one. For example, i f  SOLH i s  i n p u t  ( inc lud ing  inpu t  
zero)  t h e n  ISOLH i s  inpu t  zero and i f  SOLH i s  blank, t hen  ISOLH 
i s  inpu t  one. S i m i l a r l y ,  i f  "C" was i n p u t ,  t hen  tlJJ1' i s  input  
ze ro ,  o the rwise  ''JJ" i s  inpu t  one. These seven c a r d s  go a f t e r  
t h e  design cond i t ions  ca rds ,  o f  r e f  4 ,  and be fo re  t h e  s e r v i c e  
c y c l e  c a r d s .  

Addit ional  output  c o n s i s t s  of t h e  above inpu t  and l i n e r  
t h i c k n e s s  a t  each p o i n t  of t h e  heads.  The C L T ( i , j ) a r e  l a b e l e d  
and p r i n t e d  on t h e  f i r s t  page of output below t h e  output  of 
r e f e r e n c e  4 .  This  i s  followed by ISOLH, IEBLH, ....., IEBL; 
JJ i s  p r i n t e d  on t h e  next  l i n e .  Liner  . t h i ckness ,  "LT", a t  each 
p o i n t  of  t h e  head i s  p r i n t e d  a f t e r  overwrap th i ckness  "T" and 
b e f o r e  r a d i a l  coord ina te  "X" . 

C. VESSEL DESIGN 

1. Design Cr i te r ia  and S p e c i f i c a t i o n s  

The vessel w a s  designed f o r  minimum weight i n  accordance 
with r e f .  4 ,  and t o  have t h e  fol lowing c h a r a c t e r i s t i c s :  

1) Shape: c y l i n d e r  with end c l o s u r e s ;  

2) Size:  25 i n .  maximum OD; 

3) Volume: 7,365 i n . 3  2 1.5% a f t e r  s i z i n g ;  
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4 )  S i z i n g  cond i t ions :  4,480 $si a t  75'F (1 .333  x 
o p e r a t i n g  p r e s s u r e ) .  

The performance requirements were: 

1) Operating p res su re :  3,360 p s i ;  

2) Proof pressure:  4,050 p s i  a t  160°F and -65OF 

3) Burst  p re s su re :  5,600 p s i  a t  160°F and -65'F 

(1 .2  x opera t ing  p res su re )  ; 

(1.666 x o p e r a t i n g  p r e s s u r e ) .  

Material p r o p e r t i e s  used f o r  t h e  des ign  were obtained from 
Task I, r e f  3, and t h e  P r o j e c t  Manager. They are shown i n  
t a b l e  XXI a long wi th  t h e i r  symbols and d e f i n i t i o n s .  These 
va lues  were used i n  t h e  sample problem shown i n  appendix C .  
I n  a d d i t i o n  to t h e  aforementioned c r i t e r i a ,  t h e  maximum f i l amen t  
s t r e s s  was l i m i t e d  t o  375,000 p s i  a t  b u r s t ;  l i n e r  stress a f t e r  
s i z i n g  t o  90,000 p s i  compression; and t h e  v e s s e l  must be 
e l a s t i c  a t  t h e  o p e r a t i n g  c o n d i t i o n s .  

2 .  F i n a l  Design and S t r e s s  Var i a t ions  

I n  u s i n g  t h e  modified program one must i t e r a t e  on t h e  
inpu t  t o  ach ieve  a f i n a l  design;  t h i s  i s  r e f l e c t e d  i n  t h e  i n p u t  
va lue  of  2.763 x l o5  p s i  f o r  f i l amen t  s t r e s s .  
t h i ckness  v a r i a t i o n  and f i l amen t  stress, observes t h e  r e s u l t i n g  
l i n e r  and f i l amen t  s t r e s s e s  up t h e  heads,  and a d j u s t s  t h e  i n p u t  
va lues  t o  achieve t h e  d e s i r e d  stress levels.  T h e  l i n e r  compressive 
s t r e s s  a f t e r  s i z i n g  must b e  checked f o r  buckl ing.  Reference 3 
g ives  t h e  fo l lowing  empi r i ca l  equat ion f o r  buckling a l l o w a b l e y o _ .  

One i n p u t s  a l i n e r  

3 

0 = 150,000 E 
C 

where 

E = modulus o f  e l a s t i c i t y  

t t  = c y l i n d e r  t h i c k n e s s  

D = c y l i n d e r  diameter .  

Equation (22)  i s  based on c y l i n d e r  t es t  d a t a  though i t  i s  used 
i n  r e f e r e n c e  3 f o r  t h e  heads. 

F i n a l  design computer i npu t  and p a r t  of t h e  output  i s  shown 
i n  appendix C and p l o t t e d  i n  f i g u r e s  60 through 64. The head 
shape i s  shown i n  f i g u r e  60 along with t h r e e  o t h e r s  which w i l l  
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be discussed later. Numbers along the curves (10, 20, 30, ,..) 
r e f e r  t o  computer i n t e g r a t i o n  s t a t i o n  numbers. Figure 61 shows 
t h e  l i n e r  t h i c k n e s s  (LT) and overwrap t h i c k n e s s  (T) vs s t a t i o n  
number and meridional  a r c  l e n g t h .  L ine r  t h i ckness  a t  t h e  
j u n c t u r e  i s  0.156 i n .  which i s  maintained i n  t h e  c y l i n d e r  and 
produces -90,000 p s i  stress i n  t h e  l i n e r  t h e r e  a f t e r  s i z i n g .  
Liner  t h i c k n e s s  up t h e  head v a r i e s  and produces meridional  
stress a f t e r  s i z i n g  as shown i n  f i g u r e  62. Filament s t r e s s  a t  
t h e  des ign  cond i t ion  i s  shown i n  f i g u r e  63 and i t s  peak va lue  i s  
375,000 p s i .  Thes'e curves  show why one must i t e r a t e  on inpu t  
v a l u e s  of f i l amen t  stress and l i n e r  t h i ckness  t o  a r r i v e  a t  
a design wi th  peak f i l amen t  stress a t  design,  and l i n e r  stress 
a f t e r  s i z i n g ,  of s p e c i f i e d  v a l u e s  (375,000 p s i  and 90,000 p s i  
r e s p e c t i v e l y  f o r  t h i s  program), L ine r  s t ress  a t  s i z i n g  and 
design c o n d i t i o n  a r e  shown i n  t h e  upper p a r t  of f i g u r e  62. 
S t r e s s e s  a t  o p e r a t i n g  cond i t ions  are shown i n  f i g u r e  6 4 .  These 
curves show t h a t  t h e  v e s s e l  w i l l  remain e l a s t i c  i n  o p e r a t i o n  a f t e r  
s i z i n g ;  S u b s t i t u t i o n  i n t o  t h e  buckl ing al lowable equat ion f o r  
t h e  des ign  shown and so lv ing  f o r  t h i c k n e s s  g ives  0.079 i n . ,  
hence t h e  des ign  i s  no t  buckl ing c r i t i c a l  according t o  r e f  3. 
The contained volume of t h i s  v e s s e l  i s  7,223 i n . 3  and i t s  weight,  
excluding end bosses ,  i s  shown i n  t a b l e  XXII. F a b r i c a t i o n  
drawings f o r  t h e  f i n a l  des ign  are shown i n  f i g u r e s  65 through 71 .  

3. E f f e c t  of Tolerance on L ine r  Thickness 

Add i t iona l  computer runs  w e r e  made t o  eva lua te  t h e  e f f e c t  
of l i n e r  t h i c k n e s s  t o l e r a n c e  on t h i s  des ign .  These runs  were 
made by changing t h e  l i n e r  t h i c k n e s s  i n  t h e  c y l i n d e r  and each 
inpu t  point '  of t h e  head by a cons t an t  amount. 
t h i ckness  w a s  maintained a t  t h e  des ign  va lue ,  hence t h e  des ign  
p r e s s u r e  i s  d i f f e r e n t  f o r  each run. Head shapes f o r  t h e s e  runs  
a r e  shown i n  f i g u r e  60, stresses i n  f i g u r e s  72 through 80, and 
weights i n  t a b l e  XXIII. 

The overwrap 

4 .  End Boss Analysis  

The des ign  of t h e  end boss w a s  d i c t a t e d  p r i m a r i l y  by t h e  
c o n s i d e r a t i o n s  of j o i n i n g  w i t h  i n t e r f a c i n g  tubing,  l o c a t i o n  of 
t h e  flangejdome j u n c t i o n  and i t s  e f f e c t  on making t h e  domes, 
overwrap th i ckness  bui ld-up c o n t r o l  and t h e  d e s i r e  t o  b u i l d  i n  
some r a d i a l  f l e x i b i l i t y .  The f i n a l  des ign  i s  shown i n  f i g u r e  71. 
Though i t  w a s  f e l t  t h a t  a boss  f a i l u r e ' w a s  h igh ly  u n l i k e l y ,  a 
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s i m p l i f i e d  a n a l y s i s  f o r  s t r e s s  was performed. A schematic of t h e  
end boss i s  shown i n  f i g u r e  8 1  with t h e  a p p r o p r i a t e  dimensions 
needed f o r  t h e  a n a l y s i s .  

1) Shear s t r e s s  a t  A - 
R e s i s t i n g  area = 1 . 2 5  x 2;rrx 0.36 = 2.827 sq. i n .  

Force = 5 , 6 0 0  p s i  x r x  ( 1 . 2 5 ) 2  = 27,490 l b .  

S t r e s s  = 0 A = 27,49012.827 = 9 , 7 2 5  p s i  
4 

2 )  Membrane hoop s t ress  a t  B and C - 

= 24,125 p s i  B 5600 x 1 . 1 2  
.26 a = p re/te = h 

3 )  Membrane l o n g i t u d i n a l  s t ress  a t  B and C - 

OQ B = p r e / 2 t e  = 2 4 , 1 2 5 1 2  = 1 2 , 0 5 0  p s i .  

4 )  E f f e c t  of bending a t  C.  

I n  o r d e r  t o  compute t h e  s t r e s s e s  due t o  bending of t h e  c y l i n -  
d r i c a l  p o r t i o n  of t h e  end boss between s e c t i o n s  B and C ,  t h i s  
s e c t i o n  i s  considered t o  be f i x e d  a t  C .  The bounaary cond i t ions  
at  B are t aken  t o  be such t h a t  t h e  c y l i n d e r  i s  f r e e  t o  
t r a n s l a t e  r a d i a l l y  b u t  not t o  r o t a t e ;  t h a t  i s ,  t h a t  t h e  shear  i s  
zero bu t  t h e r e  i s  moment. This  problem i s  t r e a t e d  by Timoshenko 
( r e f .  7 ) .  Based on h i s  development, i t  can be shown t h a t  

and 

- 1 x ( 2 a )  
B Qo = 

where 

M = bending moment a t  C 

Qo = shea r  a t  C 

X ( 2 a )  andX ( 2 a )  = t r i gonomet r i c  func t ions  of 2 a  2 3 

0 

2 a =  Bj! 

e = tw ice  t h e  c y l i n d e r  l e n g t h  
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2 2 2  P =  3(1- u ) / re  te 

V = Poi s son’ s  r a t i o  

r = r a d i u s  t o  t h e  mid-surface e 
t = c y l i n d e r  t h i ckness  e 

p = i n t e r n a l  p re s su re .  

For our case:  

r = 1 . 1 2 ,  t = 0 . 2 6 , V =  0.33, s o p 2  = 5.615 a n d p =  2.370. 
e e 

F o r e / 2  = 0 . 4 0 , 4 =  0.80 a n d [ & =  2 a =  1.896. 
t h e  r e fe rence ,  X 2 ( 2 a )  = 0.55 andX ( 2 a )  = 0.89. So, 

From t a b l e  46 o f  

3 

and 

0 . 8 9 ~  = -  OS8’ 5600 = - 1,390 l b , / i n .  
2.37 P Qo = - 

a t  C i s  ‘my Now t h e  f l e x u r a l  s t r e s s ,  

2 
= 6Mo/h C 

‘m 
C and t h e  shear  stress, B 

Thus 

= Qo/h. 
4 

o =  202’5 = 17,970 p s i  
m (0.26)2 

and 

0 = - 1,390/0.26 = - 5,350 p s i .  
4 

It i s  inconce ivab le  t h a t  any combination of t he  above s t r e s s e s  
could cause f a i l u r e  i n  a t i t a n i u m  end boss ,  and thus  i t  i s  
judged t h a t  t h e  des ign  i s  adequate wi th  r e s p e c t  t o  s t ress  s t a t e  
a t  t h e  des ign  b u r s t  p re s su re .  
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IV, CONC1,UDING S'I'A'I'EMENT 

The work r epor t ed  i n  t h e  preceding s e c t i o n s  pe rmi t s  
s e v e r a l  conclus ions  t o  b e  i n f e r r e d  r ega rd ing  t h e  expected 
behavior  of  t h e  p r e s s u r e  vessel des ign  concept cons idered  
h e r e i n .  

Ti tanium d e p a r t s  from s t r a i g h t - l i n e  behavior  i n  compres- 
s ion ,  a f t e r  s u s t a i n i n g  i n e l a s t i c  t e n s i l e  s t r e s s  a t  compressive 
s t resses  whose abso lu te  va lue  i s  l e s s  than  h a l f  t h e  t e n s i l e  
y i e l d  s t r e n g t h .  The de termina t ion  of a compressive y i e l d  
s t r e n g t h ,  t o  u s e  a s  a guide i n  s e l e c t i n g  a l i n e r  stress a f t e r  
s i z i n g ,  i s  t h u s  q u i t e  a r b i t r a r y .  Af t e r  s i z i n g ,  t h e  s t ress  i n  
:he l i n e r  w i l l  dec rease  wi th  t i m e .  The r a t e  of change of  
t h i s  s t ress  w i l l  a l s o  dec rease  due t o  t h e  e l a s t i c  c h a r a c t e r  
o f  the overwrap which loads  t h e  l i n e r .  I f  t h e  overwrap remains 
e l a s t i c ,  i t  would appear  t h a t  cons ide rab le  compressive stress 
l o s s  can occur  between success ive  load ings  without  changing 
t h e  s t ress  s t a t e  i n  t h e  l i n e r  a t  any subsequent loading  t o  
t h e  s i z i n g  p r e s s u r e  level .  Thus, i t  would appear  t h a t  perhaps 
t h e  use  of a compressive y i e l d  s t ress  f o r  des ign  c r i t e r i a  
should be  abandoned and on ly  t h e  l i n e r  buckl ing a l lowable  
Considered i n  determining l i n e r  t h i c k n e s s .  Should t h i s  
approach b e  adopted, i t  would r e i n f o r c e  t h e  need f o r  a d d i t i o n a l  
s tudy  t o  determine a l i n e r  buckl ing  c r i t e r i a  f o r  t h e  heads.  

None o f  t h e  manufactur ing p rocesses  cons idered  appear  t o  
degrade t h e  performance o f  t h e  t i t a n i u m  t o  t h e  e x t e n t  t h a t  
t h e  v e s s e l  e f f i c i e n c y  would s u f f e r .  The p rocesses  o f  chemical 
m i l l i n g ,  e l e c t r o n  beam welding, and t u n g s t e n - i n e r t  gas  weld- 
i n g  a l l  reduced t h e  d u c t i l i t y  of  t h e  material  but  s u f f i c i e n t  
i n e l a s t i c  c a p a b i l i t y  w a s  s t i l l  a v a i l a b l e  t o  meet t h e  demands 
o f  tlte o p e r a t i o n  concept .  Explosive forming d i d  not  appear 
t o  have any d e l e t e r i o u s  e f f e c t .  

The des ign  mod i f i ca t ion  used i n  t h i s  e f f o r t  (vary ing  t h e  
l i n e r  t h i c k n e s s  i n  t h e  domes) promises t o  provide  sav ings  i n  
weight over  a uniformly t h i c k  l i n e r .  However, t h e  des ign  
process  i s  not  automatic  and t h e  computer input  must be  i t e r a t e d  
t o  achieve  a f i n a l  des ign .  Manufacturing t o l e r a n c e s  on l i n e r  
t h i ckness  a f f e c t  v e s s e l  weight ,  and maximum stress v a l u e s  and 
a t r a d e o f f  must be made between t h e  c o s t  of  more c a r e f u l  
process ing  and t h e  c o s t  o f  lower vessel e f f i c i e n c y .  
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CLT( i, j )  

'LH 

APPENDIX A 

N E W  NOMENCLATURE FOR COMPUTER PROGRAM 

Uni t s  

Length 

Dimensionless 

Dimensionless when 
"j" i s  odd; l eng th  
when "j" i s  even 

Length cubed 

D e  f i n i  t ion  

L i n e r  t h i ckness  a t  a 
gene r i c  p o i n t  of head 

, a s  def ined  by IIK" 

eg.  32a of r e f .  4 ,  
mult i p  1 ied  by tL (X) / 
tL(d 

C o e f f i c i e n t  of l i n e r  
t h i ckness  v a r i a t i o n ;  
see f i g u r e 5 9 .  

Volume of  l i n e r  i n  
head 

35 



APPENDIX B 

FLOW CHART FOR SUBROUTINE "VARLINR" 
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'I 1 "_ _I_- 

f I N I T I A L I Z E  COUNTER I 
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I 2 0  

CALCULATE i 
I 
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APPENDIX C 

SAMPLE PROBLEM 

Sample ou tpu t  from t h e  modified program i s  shown on t h e  fol lowing 

pages. Only two pages of output  are shown t o  i n d i c a t e  changes tha t  

have been made. Each page of computer ou tpu t  has been d iv ided  i n t o  

two pages i n  t h i s  r e p o r t .  Information contained i n  blocks i s  not 

p a r t  of t h e  output .  
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SYMBOLS 

The r e a d e r  i s  r e f e r r e d  a lso t o  appendix A and t a b l e  =I. 

D 

E 

EG 

ET 

E2 

GN2 

hO 

L 
LH2 

LN2 

0 
M 

n 

P 

'b 

PG 

PT 

QO 

r e 

G r 

rh 
r 

r 

te 

tG 

0 

T 

a 

P 

42 e 

c y l i n d e r  diameter 

Young ' s modulus 

modulus of t h e  overwrap i n  t h e  f i b e r  d i r e c t i o n  

modulus of t i t a n i u m  

modulus of  t i t a n i u m  measured from coupon tes t s  

s l o p e  of  t e n s i l e  i n e l a s t i c  p o r t i o n  of  t i t a n i u m  stress vs 
s t r a i n  diagram 

gaseous n i t r o g e n  

o r i g i n a l  b i a x i a l  p l a t e  t h i ckness  

l e n g t h  of  f ixed - f ixed  c y l i n d e r  

1 iqu  i d  hydrogen 

l i q u i d  n i t r o g e n  

u n i t  bending moment 

s l o p e  of  ut vs e diagram i n  t h e  i n e l a s t i c  r e g i o n  

p res su re  

b u r s t  p re s su re  

p r o p o r t i o n  o f  p r e s s u r e  loading c a r r i e d  by c y l i n d e r  overwrap 

propor t ion  of p r e s s u r e  loading c a r r i e d  by t i t a n i u m  c y l i n d e r  

u n i t  shea r  

r a d i u s  of end boss  c y l i n d e r  s e c t i o n  a t  mid-surface 

r a d i u s  t o  mid-surface of c y l i n d e r  overwrap 

r a d i u s  of cu rva tu re  of  hemispherical  domes 

o r i g i n a l  b i a x i a l  c i r c u l a r  p l a t e  r a d i u s  

r a d i u s  t o  mid-surface of ba re  t i t a n i u m  c y l i n d e r  

t h i c k n e s s  of  end boss  c y l i n d e r  s e c t i o n  

t h i c k n e s s  of c y l i n d e r  overwrap 

w a l l  t h i ckness  of b a r e  c y l i n d e r  

t 

--- / I  n a \  

s t r a i n  
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= ax ia l  s t r a i n  

= s t r a i n  a t  t e rmina t ion  03 c reep  tes t  

= s t r a i n  i n  t h e  overwrap 

= hoop s t r a i n  

= s t r a i n  a t  z e r o  c y l i n d e r  s t r e s s  

= s t r a in  corresponding t o  Q 

= s t r a i n  a t  maximum c y l i n d e r  compressive s t ress  

= maximum s t r a i n  i n  c y l i n d e r  overwrap 

= t r u e  s t r a i n  

= s t r a i n  i n  t h e  t i t a n i u m  

= Poi s son’ s  R a t i o  

= axia l  stress 

= c r i t i c a l  buckl ing stress 

= stress i n  overwrap a t  t e rmina t ion  of c reep  t e s t  

= stress i n  t i t a n i u m  a t  t e rmina t ion  of c reep  t e s t  

= stress i n  t h e  f ibe rg la s s / epoxy  overwrap 

= hoop s t r e s s  

= i n t e r s e c t i o n  s t ress ,  de f ined  as  t h e  i n t e r s e c t i o n  of  the  

I 

e l a s t i c  and l i n e a r i z e d  i n e l a s t i c  p o r t i o n s  of t h e  t i t a n i u m  
s t ress  vs s t r a i n  diagram 

= l o n g i t u d i n a l  stress 

= f l e x u r a l  stress 

= m a x i m u m  c y l i n d e r  compressive s t ress  

= maximum c y l i n d e r  t e n s i l e  stress 

= s h e a r  s t ress  

= st ress  i n  overwrap a t  ze ro  p r e s s u r e  

= maximum s t r e s s  i n  c y l i n d e r  overwrap 

= t r u e  s t ress  

= stress i n  t h e  t i t a n i u m  

= eng inee r ing  t e n s i l e  s t r e n g t h  

U = 0.2% o f f s e t  s t ress  

x2(2a) and X 3 ( 2  a )  = t r i gonomet r i c  f u n c t i o n s  of ( 2  a )  i n  bending 
0.2 
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TABLE I. - PROPERTIES OF 5AL-2.5SN T I  (ELI)  
USED FOR TASK I - PRELIMINARY TESTS 

(Vendor da t a )  

Supp l i e r  - Titanium Metals Corporat ion of A m e r i c a .  

Heat Number G-7622 Test  Number 5-5379 

Nominal Thickness - 0.220 i n .  (0.5588 cm) 

Element 

Carbon 

I r o n  

Ni t rogen  

Aluminum 

Hydrogen 

T i n  

Manganese 

Oxygen 

Percent  

0.022 

0.15 

0 ..008 

5.0 

0.005 

2.6 

0.003 

0.06 

Elongat ion  
% 3 Yield  S t r e n g t h  Tens i l e  S t r eng th  

Gra in  Direct i on  psix103 ~ / ~ ~ 2 ~ 1 0 ~  psix103 N/crn2x10 

Long i tud  ina 1 109.9 75.77 116.0 79.98 18.5 

Transverse  113.3 78.12 ii? . 3  80.88 19.5 
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TABLE 11. - CROSS-SECTION DIMENSIONS OF PRELIMINARY TENSILE SPECIMENS 

Specimen Grain Surface Width 
No. Direc .Ji Treatment i n .  cm. 

PL250-1 L A s  rece ived  0.4772 
PL250-2 L A s  received 0.4935 
PL250-3 L A s  received 0.4542 
PL250-4 L A s  rece ived  0.4981 

PT250-1 T A s  received 0.4940 
PT250-2 T A s  rece ived  0.4993 
PT250-3 T A s  received 0.4893 

T63M-1 L Machined 0.4993 

T63C-1 L Chem-milled 0.3390 

JiL - Longi tudina l ,  T - Transverse 

1.212 
1.253 
1.154 
1.265 

1.254 
1.268 
1.243 

1.268 

0.861 

Thickness 
i n .  cm . 

0.2140 
0.2143 
0.2154 
0.2183 

0.2162 
0.2152 
0.2145 

0.0625 

0.0640 

0.5436 
0.5443 
0.5471 
0.5545 

0.5491 
0.5466 
0.5448 

0.1588 

0.1626 

Area 
sq. i n .  sq.  cm. 

0.1021 
0.1058 
0.0978 
0.1087 

0.1068 
0.1074 
0.1050 

0.0312 

0.0217 

0.6587 
0.6826 
0.6310 
0.7013 

0.6890 
0.6929 
0.6774 

0.2013 

0.1400 
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TABLE I V .  - PROPERTIES OF 5AL -2.5SN T I  (ELI) 
USED FOR TASK I - BIAXIAL TESTS 

(Vendor da t a )  

S u p p l i e r  - Titanium Metals Corporat ion of  America 

Heat Number D-9453 Test  Number F-3776 

Nominal Thickness - 0.062 i n .  (0.157 cm) 

Element 

Carbon 

I r o n  

N i t r o g e n 

A lum i num 

Hydrogen 

T i n  

Manganese 

Oxygen 

Yield S t r e n g t h  
9 CI 

Grain  D i r e c t i o n  psix103 N / c m L x l C  

Longi tudinal  109.7 75.6 

Transverse 109.9 75.8 

Percen t  

0.026 
0.150 

0.012 

5.0 

0,009 

2.3 

0.007 

0.09 

T e n s i l e  S t r eng th  Elongation 

% 2 ps iXl0 N/cm x10 

120.8 83.3 16.5 

119.2 82.2 17 
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TABLE V I I .  - PROPERTIES OF 5AL -2.5SN TI  
(ELI) USED FOR TASK I - CREEP TESTS 

(Vendor d a t a )  

Supp l i e r  - Titanium Metals Corporat ion of America 

Heat Number D-9453 Test  Number F-3776 

Nominal Thickness - 0.062 i n .  (0.157 cm.) 

E 1 ement Percent  

Carbon 

I r o n  

Nitrogen 

Aluminum 

Hydro g e n 

T in  

Manganese 

Oxygen 

0.026 

0.150 

0.012 

5 .O 

0.008 

2.3 

0,007 

0.09 

Yie ld  S t r eng th  T e n s i l e  S t r eng th  Elongat ion  
% 2 3  psix103 N / c m  x10 2 3  

Long it  ud ina  1 110.4 76 e 1 2  125.5 86.53 16.0 

Gra in  D i r e c t i o n  psix103 N / c m  x10 

Transverse 115.8 79.84 123.7 85.29 17.0 
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TABLE X I .  - PROPERTIES OF 5AL-2.5SN T I  (ELI)  
USED FOR LINER COUPON TESTS 

(Vendor d a t a )  

Suppl ie r  - React ive  Metals,  Incorporated 

S p e c i f i c a t i o n  - MIL-T-9046F Type I1 Comp. B 

Ingot  No, 294455, Lot 0 1  

Nominal Thickness L 0.220 in .  (0.5588 em.) 

Element 

Carbon 

Nitrogen 

I r o n  

A 1 u m i  num 

Tin  

Manganese 

Oxygen 

Hydrogen 

Gra in  
D i r  ec t ion  

Longi tudinal  

Transverse 

Percent  

0.02 

o.ol2 

0.05 

5.2 

2.6 

e 0.01 

0.109 

8 1  p a r t s / m i l l i o n  

Y i e l l  S t rength  

p s i  x 10 

(0.2% O f f s e t )  Tens i l e  S t rength  E longa t ion  

% 3 p s i  x 10 3 

109.6-113.5 120.8-124.8 14 

118.5-123.3 120.9-13 1.2 12-13 

2 3 2 3 N / c m  x 10 N/cm x 10 

Longitudina 1 75.6-78.2 83.3-86.0 

Transverse 81.7 -85.0 83.4-90.5 

Annealed a t  150OOF f o r  30 minutes and a i r  coaled 
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TABLE X I I I .  - DISPOSITION OF LINER COUPON SPECIMENS 

Test 
Temperature 

“F *K 

70 1 294 
70 1 294 

Specimen 
Designat ion 

S t r a i n  
G a  ye dJ; Extenso- 

I s e t e r  A 
I 

X i x  X 
X ! x  X 

A011 
A012 
A013 
A0 14 
A 0  15 
A016 
ASPL 
ASPT 

BO11 
BO12 

BO 13 
BO 14 
BO 15 
BO16 
BSPL 
BS PT 

C O l l  

GO12 
C013 
CO 14 
C015 
C016 
CSPL 
CSPT 

Grain 
I i r e c t  ion 

L 
T 
L 
T 
L 
T 
L 
T 

L 
T 

L 
T 
L 
T’ 
L 
T 

L 

T 
L 
T 
L 
T 
L 
T 

-320 

e320 

-423 
-423 

70 
70 

-423 
-423 

-320 { -423 

77 i x 

77 

20 
20 
20 

294 
2 94 

20 , x 
20 ~ x 

77 } x 20 
Not t e s t e d  

I 

70  294 X 
7 0  I 294 X 

-320 I 77 X 

! 
77 X 

-320 1 77 X 
-423 9 2 0 , x  
L320 

1 

Tested 
t o  

Prac t u r e  

X 
X 
X 

X 

X 

X 

9 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

JcA - Axial, T Transverse 
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S p ec imen 

A011 
A012 

BO 11 
BO J2 
GO11 

Grain  
Dire c t ion  

TABLE X I V .  - LINER COUPON DATA - POISSON’S RATIO 

Test  
Temperature Poisson’s  

Ra t io  I “F “K 

Long it ud ina l  
Transverse - 
h n g i t u d i n a l  
Transverse 
Longitu d ina  1 

70 2 94 0-3829; 
70 2 94 0.418:k 

-320 77 0.2495: 
-320 77 0.392 
-320 77 0.366 - Average=0.379 

0.366 - Average=O. 388 
Transverse -423 
Longitudina 1 1 - 423  

- -~ 

*Disregard 
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TABLE XVIa. - LINER COUPON DATA - STRENGTHS AND ELONGATION 
(U. S. Customary U n i t s )  

Specimen 

A011 
BO15 
C013 

A0 12 
BO16 
CO 14 

A 0  15 
B O 1 1  
C015 

ASPT 
C016 
CSPT 

A0 E? 
BO13 
BSPL 
CSPL 

BO14  
BSPT 

Sra i n  
Direc- 
t i o n  

L 
L 
L 

T 
T 
T 

L 
L 
L 

T 
T 
T 

L 
L 
L 
L 

T 
T 

T e s t  
Temp a 

F 

70 
70 
70 

70 
70  
70 

0 

-320 
-320 
-320 

-320 
-320 
-320 

-423 
-423 
-423 
-423 

-423 
-423 

0.02% 
Offset  

S t r e n g t h  
p s i  x 1 0 3  

105 .O 
109.0 
111.2 

111.7 
117.6 
118.1 

h 

172.9 
* 

163.9 

169.9 

205.1 

- 

a 

” 
196.6 

I 

183 e 1 

S t r e n g t h  
S t r a i n  
Gages 

109.2 

1 l 5 . 6  

116.7 
123.8 
124.2 

” 

I 

182.6 
L 

180.1 

184.0 

211.9 

I 

- 
w - 
L 

204.4 

0.2% O f f s e t  
p s i  x 103 
Extenso-  

meter 

110.0 
112.6 
115.6 

117.5 
122.9 
122.5 

- - 
L 

- 
L - 
” 
..I - 
I 

- - 

Cens i l e  
5 t r e n g  t h 
J s i  x 103  

123.8 
125 .4  
129.7 

122.5 
129 .1  
128.6 

193.8 
197.6 
200.2 

190.0 
152.4 
195.0 

219.1 
233.9 
224.6 
235.8 

218.9 
216.0 

Elong- 
a t i o n  

% 

18.0 
16 ,5  
16-25  

15.0 
15.5 
15.5 

17.5 
18.5 
17 .5  

17.25 
9.0 

13.0 

10.75 
6.5 
9.0 
J. 

11.5 
14.0 

YcLost gage marks 
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TABLE X V I b .  - LINER COUPON DATA - STRENGTHS AND ELONGATION 
( In t e rna t iona l  System of Units) 

Specimen 

A011 
BO15 
CO 13 

A 0  14 
BO16 
CO 14 

A0 15 
BO11 
C015 

AS PT 
C016 
CSPT 

A014 
BO13 
BSPL 
CSPL 

BO14 
BSPT 

Grain 
Direc- 
t ion 

L 
L 
L 

T 
T 
T 

L 
L 
L 

T 
T 
T 

L 
L 
L 
L 

T 
T - 

Test 
Temp. 

K 

294 
2 94 
294 

294 
2 94 
2 94 

77 
77 
77 

77 
77 
77 

20 
20 
20 
20 

20 
20 

0 

0.02% 
Offse t  
S t rength  

N/cm x10 

72.4 
75.2 
76.7 

77.0 
81.1 
81.4 

2 3  

119.2 
* 

113 .o 

117.1 

141.4 
L 

I 

135.6 

- 
126.2 

0.2% Offses 
Strength,  N/cm x103 
S t r a i n  Exter so- 
Gages meter 

75 .3 

79.7 

80.5 
85.4 
85.6 

- 

.II 

125.9 - 
124.2 

126.9 

146.1 

- 

.. 
L - 
II 

140.9 

75.8 
77.6 
79.7 

81.0 
84.7 
84.5 

- 
L 

L 

.& - - 
L - 
c 

..1 

- - 

Tens:: 1 % 
St ren  t h  

N/cm x10 

Elcng- 
a t  ion 

85.4 
86.5 
89.4 

18.0 
16.5 
16.25 

84.5 1 15.0 
89.0 I 15.5 
88. 7 I 15.5 
133..6 17.5 
136.2 : 18.5 
138.0 ' 17.5 

i31.0 
134.7 
134.4 

151.1 
161.3 
154.9 
162.6 

150.9 
148.9 

17.25 
9.0 
13.0 

10.75 
6.5 
9.0 

Jr 

11.5 
14.0 

*Lost gage marks 
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TABLE X V I I I .  LINER COUPON DATA - 
DERIVATIVES OF PROPERTIES WITH RESPECT TO TEMPERATURE 

Room Temperature P r o p e r t i e s  

Modulus of E l a s t l c i t y ,  E = 17.2 x 10 
Inelast ic  Slope, E2 = 318,000 p s i  (See Table  X V I I a )  
Po i s son ' s  Ra t io ,  u , = 0.34 (See beloy)  
I n t e r s e c t i o n  S t r e s s ,  u = 119-6 x 10 p s i  (See Table  XVIIa) 

Temperature D e r i v a t i v e s  Remarks 

6 p s i  (See Table  XV) 

I' 

d E / d T  = -2920 psi/OF S t r a i g h t  l i n e  through R.T. va lue  

dE2/ d T  = +600 ps i /OF 

d v / d T  = -87 x IO6/% 

Longi tudina l  R.T. va lue  wi th  
s lope  s e l e c t g d  to  make va lue  
zero a t  -423 F 

S t r a i g h t  l i n e  through va lues  a t  
-423'F and -32OoF, which g ives  
R.T. va lue  of 0.345. 

u1/ d T  = -178.5 p s i / %  S t r a i g h t  l i n e  through K.T. va lue  

NOTE: Th i s  t a b l e  is  not  presented  i n  t h e  I n t e r n a t i o n a l  System of Un i t s  
since t h e  computer program r e q u i r e s  t h e  use of U. S. Customary 
Units. 
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TABLE XIX. - STRENGTH TESTS OF FIBERGLASS/EPOXY ROVING 

Material: S-HTS/E-796 20-end roving 

Supplier: U. S, Polymeric Corporation 

Resin Content: 18-23% by weight 

Ring Specimen 
Nilmber 

Tensile Strength 
3 p s i  x 10 2 3 N/cm x 10 

1RT 275 
2XT 291  
3RT 277 
4RT 2 92 

285 5 RT 

Average = 284 
- 

190 
201 
19 1 
2 0 1  
196 

196 
- 
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TABLE XX. - ADDITIONAL INPUT CARDS 

- Card Format Symbols 

1 6E12.8 CLT(1,l) . . . e ., CLT(1,G) 

CLT(1,T) .) (. . (I a CLT(1,12) 

CLT(l,13) . . . .. CLT(1,18) 

CLT(2,l) ..... CLT(2,6) 

CLT(2,7) CLT(2,12) 

6 6312.8 CLT (2,13) . . . . . CLT (2,18) 

7 815 XSOLH, IEBLH,TSFD,ITL,ITO,IPD~IEBL,JJ 

NOTES: 1) These c a r d s  go a f t e r  t h e  l a s t  des ign  cond i t ion  ca rd ,  of 
Reference 4 ,  and be fo re  t h e  service cyc le  cards .  

2) The CLT(i,j) are  shown i n  F igure  59. 

3) I f  SOLH, e tc . ,  i s  i n p u t  ( inc lud ing  input  zero)  then  ISOLH, 
etc. i s  inpu t  zero ;  o therwise  TSOLH, e t c .  i s  i n p u t  one. 

4 )  If "C"!, o f  Reference 4 ,  is inpu t ,  t hen  JJ is input  zero ;  
o therwise ,  JJ is  i n p u t  one. 
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TABLE X X I .  - MATERIAL PROPERTIES USED I N  COMPUTER ASSISTED DESIGN 

SYMBOL 

DSYU3T (7) dcrYLC 

DELDT (2) 

DEIDT (2) 

DNULPT (2) 

VALUE 

.162 

,0000039 

119 600. 

-178.5 

90,000. 

-180.5 

6 17.2 x 10 

-2,920. 

3 10,000. 

600. 

.34 

-. 000087 

,072 

20.1 loM7 

6 12.4 x 10 

DEFINITION 

Density of l i n e r  

Coeff ic ient  of thermal expansion 
of l i n e r  

Tension y i e l d  s t r eng th  of l i n e r  

Derivative of cr with respect  
t o  temperature 

Compressive y i e l d  s t r eng th  of 
l i n e r  o r  buckling l i m i t  

YL 

Derivat ive of o with r e spec t  
t o  temperature 

Young's Modulus of l i n e r  a t  
reference t e m p e r a t u r e  

YLC 

Derivative of EL with respect 
t o  temperature 

P l a s t i c  modulus of l i n e r  a t  
r e  f e r  e nc e t emp era t u r  e 

Derivative of E 1  with respect  
t o  temperature 

Poisson's r a t i o  of l i n e r  a t  
reference temperature 

Derivat ive of  Y with respec t  t o  z temperature 

Density of fi lament composite 

Coeff ic ient  of thermal expansion 
of compos it e 

E la s t i c  modulus of fi lament a t  
reference temperature 

UNITS 

3 l b . / i n  
0 -1 F 

p s i  

psi/OF 

p s i  

psi/'F 

PS i 

psi/OF 

P s i  

psil0F 

- 
0 -1 F 

3 l b / in .  
OF -1 

p s i  
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SYMBOL VALUE 

-2,410. 

e 673 

47,000. 

5 2.763 x 10 

Derivative of E with respect t o  f t empe ra t u  r e 

Filament f r a c t i o n  i n  composite 

Meridian fi lament stress due t o  
winding pressure 

Design stress i n  meridian f i l a -  
ments 

UNITS 

psi/OF 

- 
p s i  

p s i  

NOTE: T h i s s t a b l e  i s  not presented i n  the I n t e r n a t i o n a l  System of Units s ince  
t h e  computer program requi res  the  u s e  of U. S. Customary Units  -- 
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TABLE X X I I .  - VESSEL WEIGHT 

Overwrap L ine r  
Pounds Kilograms Pounds Kilograms 

One he ad 7 .74  

Cyl inder  8.87 

Vessel 24.35 

3 .51  14.70 6.67 

4.02 8.69 3.94 

11.0 38,09 17.3 

TOTAL 62.44  pounds 

277.8 kilograms 
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TABLE XXIV. - SPECIMEN DESIGNATION NOMENCLATURE 
1. Preliminary Tensile Specimens - P series 

First letter (P) - Preliminary tensile test 
Second letter (T or L) - Grain direction: T-transverse, L-longitudinal 
First three numbers (250) - Nominal thickness in mils 

- Replicate specimen number 
2. Preliminary Tensile Specimens - T series 

First letter (T) - Tensile test 
First two numbers ( 6 3 )  - Nominal thickness in mils 
Second letter (C or M) - Surface treatment: C-chem milled, M-machined 
Last number 

Biaxia1,and Creep Specimen Material Tensile Specimens 

First letter (T) - Tensile test 
First two numbers ( 6 3 )  - Nominal thickness in mils 
Second letter (A or B) - Source sheet: A-Creep test specimen material 

- Replicate specimen number 
3. 

B-Biaxial test specimen material 
Third letter (T or L) - Grain direction: T-transverse, L-longitudinal 
Last number - Replicate specimen number 

4 .  Biaxial Test Specimens 

First letter (B) - Biaxial test 
Second letter (R,N, or H) Test temperature: R-room 

N-liquid nitrogen 
H-liquid hydrogen 

Third letter (O,E,T, or D) - Specimen treatment and shape: 
0 - flat 
E - electron beam welded, flat 
T - tungsten inert gas welded, flat 
D - explosively formed into a dome 

5. Creep Test Specimens 

First letter (C) - Creep test 
Single digit number - Replicate specimen number of specimens used 

primarily for compression stress-strain property 

determination. 

Double digit number - Approximate level of compressive stress in ksi at 
start of creep test. 

X 1  and X2 - Spare specimens. 
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. Line r  Mate r i a l  Coupon Tens i l e  Specimens 

F i r s t  l e t t e r  - S e r i a l  des igna t ion  of source  p l a t e  

e x t  t h r e e  symbols: 

Numbers - Repl i ca t e  specimen number: Odd-longi tudinal  g r a i n ,  

Even- t ransverse  g r a i n .  

ters - Spare coupons: L - long i tud ina l  g r a i n ,  

T - t r a n s v e r s e  g r a i n .  
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Figure 2 2 . - F a i l e d  Specimen BNE, Close-up 
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Figure 32.-Specimen BND After T e s t  
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F i g u r e  4O.-Creep T e s t  Se tup  



Figure 41**Assembled Creep Test F ix ture  with  Specimen 119 



to Maximum 

Corresponding to Zero Pressure 

Figure 42.-Stress-Strain Characteristics of Titanium 
slid Flberglass, Defining Svmbols 
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E, = 16.86 X IO6 psi 
E G =  8.29 X IO6 psi 

Test E, Cycle I 
Test B, Cycle 2 
Test B, Cycle 3 
Test C, Cycle I 
Test C, Cycle 2 
Test C, Cycle 3 

--- 
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----- - - 
------- 
- ------- 

Figure 44.-Computed Stress vs S t r a i n  for Specimen C-2 



Figure  45.-Somputed Stress v s  S t r a i n  f o r  Specimen C-90 
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F i g u r e  46 ~ -Computed Stress vs Strain for Suecimen C-80 

124 



0 

0 

IO0 

-100 

-I 

Yigure 47.-Computed Stress vs S t r a i n  f o r  S p c i m e n  C - 7 0  
3.75 



0 

b ~ o  

1- ET = 16.86 X IO 
G = 8,99 X IO 

E, = 17.4 X 10 
E, = 8.32 X IO 

---- 

Figure 48. -Computed S t r e s s  v s  S t r a i n  f o r  Specimen C-XI 
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