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ABSTRACT 

A program was conducted t o  develop and e v a l u a t e  

advanced e l e c t r o l y t i c  d e p o s i t i o n  techniques  ( e l e c t r o -  

forming) f o r  t h e  c o n s t r u c t i o n  of r e g e n e r a t i v e l y  cooled 

t h r u s t  chambers f o r  l a r g e  r o c k e t  engine requirements .  

A v a r i e t y  of  m a t e r i a l  combinations and c o n f i g u r a t i o n s  

were i n v e s t i g a t e d .  During t h e  i n i t i a l  phase of t h e  

program processes  were developed f o r  t h e  f a b r i c a t i o n  

o f  r e g e n e r a t i v e  t ype  chambers con ta in ing  Has te l loy  X ,  

Incone l  718 ,  TD n i c k e l ,  sprayed z i r c o n i a  and sprayed 

zirconia-nichrome i n n e r  w a l l s  backed by e lec t roformed 

n i c k e l  r i b s  and o u t e r  s h e l l s .  I n  a d d i t i o n  procedures  

were developed f o r  f a b r i c a t i n g  i n n e r  w a l l s  from wi re  

o r  r ibbon  t h a t  i s  wrapped on a mandrel and supported 

by t h e  e lec t roformed r i b  and o u t e r  j acke t .  A l l  of 

t h e  above c o n f i g u r a t i o n s  were demonstrated t o  be 

f e a s i b l e .  I n  a d d i t i o n  t h e  a b i l i t y  t o  r e i n f o r c e  t h e  

o u t e r  e lect roformed s h e l l  wi th  i n t e r m e d i a t e  w i r e  

windings was a l s o  demonstrated.  The two most promis- 

i n g  c o n f i g u r a t i o n s ;  Has t e l l oy  X and graded coa t ing  

i n n e r  w a l l s  were s e l e c t e d  f o r  f u r t h e r  eva lua t ion .  

Two spool  p i e c e s ,  f o r  use  wi th  hydrogen-oxygen 

p r o p e l l a n t s  a t  a chamber p re s su re  of 500  p s i a  and 



30,QOO l b f  t h r u s t ,  were designed and f a b r i c a t e d .  One 

u n i t  con ta ined  a Has t e l l oy  X i n n e r  w a l l ,  wh i l e  t h e  

second u n i t  con ta ined  t h e  graded zirconia-nichrome 

coa t ing .  Rocket f i r i n g s  were conducted a t  NASA 

Lewis Research Center  wi th  each of t h e  spool  p i e c e s .  

Both u n i t s  met a l l  des ign  requi rements .  

I n  o r d e r  t o  f u r t h e r  demonstra te  t h e  a p p l i c a b i l -  

i t y  of t h e  process  t o  r o c k e t  eng ine  f a b r i c a t i o n ,  

contoured t h r u s t  chamber c o n f i g u r a t i o n s  w i th  b i f u r -  

c a t e d  r i b s  were designed and f a b r i c a t e d .  No p r o v i s i o n s  

were made f o r  h o t  f i r i n g  e v a l u a t i o n  of t h e s e  u n i t s .  

The graded coa t ing  chamber segments w e r e  completed 

and passed h y d r o s t a t i c  and heliumleak t e s t s .  The 

Has t e l l oy  X l i n e d  segment was n o t  completed dur ing  

t h e  term of  t h e  c o n t r a c t .  However, s u f f i c i e n t  

work w a s  done t o  demonstra te  t h e  f e a s i b i l i t y  of 

t h e  p roces s .  

The r e s u l t s  of  t h i s  program have d e f i n i t i v e l y  

demonstrated t h e  a b i l i t y  and advantages of e l e c t r o -  

forming r e g e n e r a t i v e l y  cooled t h r u s t  chambers con ta in -  

i ng  h i g h  s t r e n g t h  and/or h i g h  tempera ture  s e r v i c e  

i n n e r  s h e l l s .  



I. INTRODUCTION 

The work r e p o r t e d  h e r e i n  c o n s t i t u t e s  t h e  r e s u l t s  

of twenty-seven months'  e f f o r t  performed under 

Con t r ac t  NAS 3-10304 f o r  t h e  NASA Lewis Research 

Cente r .  M r .  John M. Kazaroff i s  t h e  NASA P r o j e c t  

Manager. 

The o b j e c t i v e  of t h e  program i s  t o  develop and 

e v a l u a t e  advanced e l e c t r o l y t i c  d e p o s i t i o n  techniques  

( e l ec t ro fo rming)  f o r  t h e  c o n s t r u c t i o n  of r e g e n e r a t i v e l y  

cooled t h r u s t  chambers f o r  l a r g e  r o c k e t  engine r e q u i r e -  

ments. Regenera t ive ly  cooled t h r u s t  chambers a r e  

u s u a l l y  f a b r i c a t e d  from a l a r g e  number of  t a p e r e d ,  

contoured t u b e s .  This method r e q u i r e s  t h e  manufacture 

of t h i n  wal led  tubing from t h e  d e s i r e d  me ta l ,  t a p e r i n g  

and contour ing  t h e  t u b e s ,  p o s i t i o n i n g  t h e  tubes  on a  

mandrel and u l t i m a t e l y  f u r n a c e  b raz ing  t h e  u n i t  t o -  

g e t h e r .  This  f a b r i c a t i o n  method invo lves  many t e d i o u s ,  

expensive and time-consuming o p e r a t i o n s  i nc lud ing  hand 

r e p a i r  of l e a k s  i n  t h e  b raze .  To t h e  r o c k e t  d e s i g n e r ,  

t h e  method s f  f a b r i c a t i o n  o f t e n  r e s u l t s  i n  compromis- 

i n g  t h e  system performance due t o  t h e  f a c t  t h a t  t h e  

c r o s s  s e c t i o n a l  a r e a  f o r  c o o l a n t  flow i s  o f t e n  d i c t a t e d  



by t h e  nozz l e  c o n t r a c t i o n  and expansion r a t i o  and 

tube  t a p e r i n g  l i m i t a t i o n s .  S ince  a  l a r g e  amount 

of t o o l i n g  i s  r equ i r ed  ( t u b e  drawing, swaging o r  

t a p e r i n g ,  contour ing and b raz ing  mandrels)  modifi-  

c a t i o n s  t o  a  t h r u s t  chamber contour  a r e  exceedingly 

expensive.  

A second method of f a b r i c a t i n g  r e g e n e r a t i v e l y  

cooled engines  involves  t h e  machining of an i n n e r  

l i n e r  w i t h  grooves o r  r i b s  on t h e  o u t e r  d iameter .  

An e x t e r n a l  s h e l l  i n  two o r  more s e c t i o n s  i s  placed 

over  t h e  i n n e r  l i n e r  and welded o r  brazed i n  p l ace .  

This  method has a l l  of t h e  disadvantages  a t t e n d a n t  

w i th  h igh  temperature  j o in ing  processes .  

The advent of h igh energy p r o p e l l a n t s  o p e r a t i n g  

a t  high chamber p re s su re s  r e s u l t s  i n  combustion tem- 

p e r a t u r e s  and h e a t  f l u x e s  of such a  magnitude t h a t  pure  

r e g e n e r a t i v e  coo l ing  wi th  m e t a l l i c  chambers i s  o f t e n  

u n s a t i s f a c t o r y .  The use  of a  ceramic o r  r e f r a c t o r y  

l i n e r  t o  s e r v e  a s  a  thermal  and/or o x i d a t i o n  b a r r i e r  

f o r  t h e  i n n e r  w a l l  i s  a  common des ign  f e a t u r e .  Th i s ,  

however, i s  n o t  wi thout  i t s  problems and drawbacks. 

Spraying a  r e f r a c t o r y  c o a t i n g  on t h e  I.D. i s  g e n e r a l l y  



accomplished a f t e r  t h e  m e t a l l i c  t h r u s t  chamber has 

been v i r t u a l l y  completed. I.D. sp ray ing  very  o f t e n  

poses  a  problem i n  terms of access  of t h e  spray  equip- 

ment t o  t h e  t h r o a t  r eg ions .  I n  a d d i t i o n ,  c o n t r o l  of 

th ickness .  and f i n i s h  i s  d i f f i c u l t .  Adhesion of t h e  

sprayed c o a t i n g  t o  t h e  m e t a l l i c  s u b s t r a t e  i s  o f t e n  

suspec t .  

A f a b r i c a t i o n  technique t h a t  has  t h e  a b i l i t y  

t o  e l i m i n a t e  a l l  of t h e  d i sadvantages  c i t e d  above i s  

e lec t roforming .  The b a s i c  t echniques  and process  

s p e c i f i c a t i o n s  r e q u i r e d  t o  e l ec t ro fo rm e n t i r e  n i c k e l  

o r  e n t i r e  copper r o c k e t  motor components con ta in ing  

i n t e g r a l  coo l ing  passage systems have been prev ious ly  

developed by Camin Labora to r i e s ,  I n c . ,  (Refs.  1 , 2 , 3 ) .  

The f a b r i c a t i o n  procedure c o n s i s t s  of  e l e c t r o l y t i c a l l y  

d e p o s i t i n g  a meta l  i n n e r  l i n e r  on a  male mandrel. The 

d e p o s i t  i s  machined, i f  necessary ,  t o  o b t a i n  t h e  r e -  

q u i r e d  w a l l  t h i c k n e s s  p r o f i l e .  The meta l  i s  then coa ted  

w i t h  a  f i l l e r  m a t e r i a l  t o  a  t h i ckness  equa l  t o  t h e  de- 

s i r e d  c o o l a n t  passage he igh t .  Grooves a r e  then c u t  i n  

t h e  f i l l e r  m a t e r i a l  t o  expose t h e  i n i t i a l  metal  d e p o s i t .  

The work p i e c e  i s  r e t u r n e d  t o  t h e  e l ec t ro fo rming  ba th  



t o  d e p o s i t  t h e  r i b s  and o u t e r  s h e l l .  The f i l l e r  mate- 

r i a l  i s  then  removed c r e a t i n g  t h e  coo l ing  passage.  The 

r e s u l t i n g  u n i t  i s  of i n t e g r a l  c o n s t r u c t i o n ,  devoid of 

any high temperature  j o in ing  o p e r a t i o n s .  The i n t e r m i t -  

t e n t  d e p o s i t i o n  does n o t  r e s u l t  i n  l amina t ions .  Exhaust ive  

t e s t s  have proven t h a t  when proper  procedures  a r e  followed 

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

The r i b s  t h a t  connect  t h e  i n n e r  and o u t e r  s h e l l  

determine t h e  c o o l a n t  passage con f igu ra t ion .  These r i b s  

i n  t u r n  a r e  formed a s  a  func t ion  of t h e  O.D.  machining 

and groove c u t t i n g  o p e r a t i o n  on t h e  f i l l e r  m a t e r i a l .  I t  

i s  t h e r e f o r e  p o s s i b l e  t o  f a b r i c a t e  a  t h r u s t  chamber con- 

t a i n i n g  bo th  l o n g i t u d i n a l  and h e l i c a l  r i b s .  I t  i s  r e l a -  

t i v e l y  s imple  t o  vary t h e  r i b  h e i g h t  and hence t h e  cool-  

a n t  passage h e i g h t .  I t  is s t a n d a r d  procedure on h igh  

c o n t r a c t i o n  r a t i o  u n i t s  t o  vary t h e  number of  r i b s  w i t h  

a x i a l  l o c a t i o n  i n  o rde r  t o  achieve optimum c o o l a n t  

v e l o c i t y  p r o f i l e s  and c o o l a n t  c o n t a c t  s u r f a c e  a r e a .  

Coolant  passage con f igu ra t ion  i n  an e l e c t r o -  

formed t h r u s t  chamber i s  q u i t e  independent of  f  a b r i -  

c a t i o n  procedura l  l i m i t a t i o n s  and can g e n e r a l l y  b e  



d i c t a t e d  s o l e l y  from h e a t  t r a n s f e r  and stress con- 

s i d e r a t i o n s .  S ince  t h e  only  major i t em of t o o l i n g  

i s  t h e  mandrel upon which t h e  i n n e r  w a l l  i s  depos i t ed ,  

des ign  mod i f i ca t ions  a r e  r e l a t i v e l y  inexpens ive  t o  

accommodate. 

A s  a  r e s u l t  of t h e  above c i t e d  f a c t s ,  t h e  p r e s e n t  

program was i n i t i a t e d  t o  f u r t h e r  e x p l o i t  t h e  i n h e r e n t  

advantages of e lec t roforming .  I n  p a r t i c u l a r ,  t h e  pro- 

gram o b j e c t i v e s  a r e  t o  develop composite ( d i s s i m i l a r  

m a t e r i a l s )  and r e i n f o r c e d  e lec t roformed t h r u s t  chambers 

i n  t h e  m a t e r i a l  combinations ou l ined  i n  Table  I below. 

TABLE I - MATERIAL COMBINATIONS 

ELECTROFORMED ELECTROFORMED DISSIMILAR 
OUTER SHELL I N N E R  LINER METAL I N N E R  COAT- 
AND RIBS LINER INGS 

1. Nickel  

2 .  Nickel 

3 .  Nickel  

4 .  Nickel 

5. Nickel  

6 .  Nickel  

Nickel  

Nickel  

Nickel  Rein- 
fo rced  

Has t e l l oy  X - 
Incone l  718 - 
TD Nickel  - 

Gradated 

7 .  Nickel  Re- 
i n £  orced 



The first three combinations represent possible 

rocket motor configurations containing a high strength- 

high temperature service inner wall backed by an in- 

tegral cooling passage electroformed rib and shell 

structure. The next two combinations represent com- 

plete nickel EF (electroformed) units containing an 

inner thermal or oxidation barrier. However, the 

coating is not to be applied to the finished unit in 

the conventional manner, but rather the coating is to 

be the basic form upon which the nickel is deposited. 

The sixth configuration is an attempt to increase the 

structural properties of an EF nickel chamber by in- 

cluding a high strength wire wrapping in the electro- 

formed inner liner. The last combination, a wire 

wrap reinforcement of the electroformed outer shell, 

is applicable to any of the previous six configurations. 

The overall program objective is to develop 

electroforming techniques suitable for fabricating 

regeneratively cooled rocket motor thrust chambers 

from the material configurations tabulated above. The 

development is to be accomplished by investigating the 

deposition of nickel on dissimilar metallic and 



non-metal l ic  (coa t ings)  s u b s t r a t e s ;  f a b r i c a t i o n  and 

t e s t i n g  of r i bbed  s t r u c t u r e  samples;  and des ign ,  

f a b r i c a t i o n  and t e s t i n g  of smal l  s c a l e  hardware 

s imu la t ing  r e g e n e r a t i v e l y  cooled t h r u s t  chambers. 

The program i s  t o  i nc lude  t h e  fo l lowing  t a s k  a r e a s :  

Task I 

A, Pre l iminary  Laboratory I n v e s t i g a t i o n  

B .  Tes t  Sample F a b r i c a t i o n  and Eva lua t ion  

C .  Spool P iece  Design 

Task I1 

A. F a b r i c a t i o n ,  T e s t ,  and Del ivery of Spool P i eces .  

Task I11 

A.  Design, F a b r i c a t i o n  and T e s t  of  Chamber Segments. 

The p r e s e n t  r e p o r t  d e t a i l s  t h e  work performed 

under Task$ I, I1 and I11 dur ing  t h e  per iod  1 J u l y  

1967 t o  3 0  September 1969. Included i s  a  d i s c u s s i o n  

of t h e  methods usad t o  ach ieve  a bond between t h e  d i s -  

s i m i l a r  me ta l s  and EP n i c k e l ;  methods o f  mandrel removal 

from plasma sp ray  coakings;  t e n s i l e  and photomicro- 

g r a p h i c  t e s t i n g  of d i s s i m i l a r  m a t e r i a l  i n t e r f a c e s ;  

methods of w i re  wrap re inforcement  of i n n e r  and o u t e r  

s h e l l s ,  t h e  des ign ,  f a b r i c a t i o n  and t e s t i n g  of 



c y l i n d r i c a l  r i bbed  specimens, (Par t  132, and t h e  

des ign ,  f a b r i c a t i o n  and eva lua t ion  of chamber 

segments and spool  p i eces .  



11. DISSIMILAR METAL-ELECTROFORMED NICKEL ADHESION 

The o b j e c t i v e  of t h i s  phase of t h e  i n v e s t i g a t i o n  

i s  t o  develop process  s p e c i f i c a t i o n s  f o r  d e p o s i t i n g  

adheren t  n i c k e l  on Incone l  718, Has te l loy  X and TD 

Nickel .  Q u a n t i t a t i v e  examination of t h e  i n t e r f a c e  

bond s t r e n g t h s  i s  a l s o  r equ i r ed .  Resu l t s  of t h i s  

phase of t h e  program would be a p p l i c a b l e  t o  t h e  des ign  

and c o n s t r u c t i o n  of t h r u s t  chambers con ta in ing  inne r  

l i n e r s  o f  t h e  l a t t e r  m a t e r i a l s  supported by an ad- 

h e r e n t  i n t e g r a l  e l e c t r o f  ormed n i c k e l  coo l ing  passage 

system. 

The n i c k e l  ba th  used by Camin L a b o r a t o r i e s ,  I n c . ,  

f o r  p roduc t ion  of  t h r u s t  chambers has t h e  fo l lowing  

composi t ion:  

Nickel  Sulfamate 45 oz /ga l  

Nickel  Metal Content  1 0 . 2  oz/gal  

Nickel  Chlor ide  0.8 t o  2 . 0  oz/gal  

Boric  Acid 4 . 0 -  5.0 oz /ga l  

The range of o p e r a t i n g  cond i t i ons  f o r  t h i s  ba th  

formula t ion  i s  a s  folbows: 

Temperature 100-140 degrees  F 



pH range 

Density (Baume) 

Tank Voltage 

3.5 - 5.0 electrometric 

29 to 31 degrees 

6 to 9 volts 

In order to obtain a strong bond between a de- 

posited metal and any substrate, activation procedures 

must be developed. These generally consist of a series 

of mechanical, chemical and electrochemical cleaning 

cycles, which are,dependent upon the chemical compo- 

sition of the substrate and the nature of the deposited 

metal. Development of the procedures is generally a 

trial and error type process, that begins with proce- 

dures previously developed for similar type material 

combinations. Therefore, prior to fabricating speci- 

mens suitable for quantitative determination of inter- 

face bond strengths, a qualitative examination is made 

by using an arbor press. A cylindrical mandrel with 

a slight taper is fabricated from one of the dissimilar 

metals. The material is processed to obtain adhesion 

and a nickel shell is deposited around the mandrel. 

The press is then used in an attempt to extract the 

mandrel from the shell. If good adhesion has not 

been obtained, the mandrel is readily extracted from 

the shell. The taper on the mandrel aids in extraction 



and p reven t s  a  mechanical type  bond due t o  an under- 

c u t  on t h e  mandrel s u r f a c e .  I f  adhesion has been 

ob ta ined ,  t h e  mandrel and s h e l l  cannot  be s epa ra t ed .  

The procedures  found t o  be  s a t i s f a c t o r y  f o r  

o b t a i n i n g  adheren t  n i c k e l  d e p o s i t s  on t h e  cand ida t e  

l i n e r  m a t e r i a l s  a r e  given below: 

A. Incone l  718 

1. Abrasive c l e a n  mandrel 

2 .  Water r i n s e  

3. T r e a t  t h e  specimen a n o d i c a l l y  i n  Enthone 808, 

(Enthone Inc .  N e w  Haven, Conn.) 8 0  a s £ ,  2  

minutes ,  1 8 0  degrees  F.  

4 .  Water r i n s e  

5. Clean wi th  Metex 629 (McDermid Co. Waterbury, 

Conn.) Use 1 l b . / g a l .  of wate r  a t  room 

temperature  u s ing  l e a d  anode. 

a .  Specimen anodic  4 0  seconds - 4 v o l t s  

b. Specimen ca thod ic  20 seconds - 4 v o l t s  

c .  Specimen anodic  4 0  seconds - 4 v o l t s  

d .  Specimen ca thod ic  20  seconds - 4 v o l t s  

6. Water r i n s e  



7 .  Wood's Nicke l  S t r i k e  

Nicke l  c h l o r i d e  30 o z / g a l  

HCL ( 3 0 % )  10 o z / g a l  

T r e a t  specimen f o r  t h r e e  minu tes  a t  50 

a s £  a t  room t e m p e r a t u r e .  

8 .  I n s e r t  specimen i n t o  t h e  e l e c t r o f o r m i n g  b a t h -  

making e l e c t r i c a l  c o n t a c t  p r i o r  t o  e n t r y  i n t o  

b a t h .  

B. H a s t e l l o y  X 

1. Abras ive  c l e a n  mandrel .  

2 .  Water r i n s e  

3 .  T r e a t  t h e  specimen a n o d i c a l l y  i n  Enthone 808 

(Enthone I n c .  New Haven., Conn.) a t  80 a s £  

f o r  2  minu tes  a t  180 d e g r e e s  F. 

4 .  Water r i n s e  

5.  Dip i n  10% HCL 

6 .  Water r i n s e  

7 .  T r e a t  a n o d i c a l l y  i n  50% s u l f u r i c  a c i d  a t  200 

a s £  f o r  1 minute  a t  room t e m p e r a t u r e .  U s e  

l e a d  c a t h o d e s .  

8 .  Water r i n s e  

9 .  Wood's n i c k e l  s t r i k e  a t  50 a s £  f o r  3  minu tes .  



1 0 ,  I n s e r t  i n t o  e l e c t r o f o r m i n g  b a t h ,  making 

e l e c t r i c a l  c o n t a c t  p r i o r  t o  e n t r y  i n t o  b a t h .  

TD N i c l t e l  

1. Abras ive  c l e a n  mandrel  

2 .  Water r i n s e  

3 ,  T r e a t  t h e  specimen a n o d i c a l l y  i n  Enthone 808 

(Enthone I n c . ,  N e w  Haven, Conn.) a t  80 a s £  

f o r  two minu tes  a t  180 d e g r e e s  F. 

4 .  Water r i n s e  

5. Acid p i c k l e  - 15  minu tes  

6 .  Water r i n s e  

7 .  Clean w i t h  Metex 6 2 9  (McDermid Co, Waterbury, 

Conn. ) .  Use 1 l b . / g a l .  of w a t e r  a t  room t e m -  

p e r a t u r e ,  u s i n g  l e a d  anode.  

a .  Specimen a n o d i c  - 40 seconds  - 4 v o l t s  

b. Specimen c a t h o d i c -  20 seconds  - 4 v o l t s  

c .  Specimen anod ic  - 40 seconds  - 4 v o l t s  

d .  Specimen c a t h o d i c -  20 seconds  - 4 v o l t s  

8 .  Water r i n s e  

9 .  Wood's n i c k e l  s t r i k e  - 50 a s f  - 3 minutes  

10, I n s e r t  i n t o  e l e c t r o f o r m i n g  b a t h ,  

I n  o r d e r  t o  q u a n t i t a t i v e l y  d e t e r m i n e  t h e  bond 

s t r e n g t h  between t h e  d i s s i m i l a r  m e t a l s  and e l e c t r s f o r m e d  



nickel, a test specimen as shown in Figure 1 was de- 

signed. The dissimilar metal, which serves as a 

mandrel for nickel deposition, is machined from a rod. 

The entire part is masked except for the end face 

(.25OWdiameter) upon which nickel is to be electro- 

formed. The electroformed nickel disk is then de- 

posited with the aid of a lucite shield as shown in 

the insert of Figure 1. The results of the test pro- 

gram are shown in Table I1 below. 

TABLE I1 

BOND STRENGTHS EF NICKEL-DISSIMILAR METALS 

ROOM TEMPERATURE 1000°F 

INCONEL 718 95-110,000 psi 45,000 psi 

HASTELLOY X 93-108,000 psi 53,000 psi 

TD NICKEL 82-104,000 psi 29 ,OOO psi 

The lower values observed at room temperature 

were obtained with the tensile specimen as described 

above. In order to accommodate a heating unit for 

strength determinations at 1000°F the shank of the 

mandrel and hence interface area was reduced to .125" 

diameter. A series of room temperature test specimens 



were f a b r i c a t e d  i n  t h i s  new c o n f i g u r a t i o n  i n  o r d e r  t o  

determine i f  any s i z e  e f f e c t  w a s  p r e s e n t .  The h i g h e r  

s t r e n g t h s  shown a t  room temperature  r e s u l t e d .  Two 

p o s s i b i l i t i e s  e x i s t  as t o  t h e  cause  of t h e  v a r i a t i o n .  

The f i r s t  i s  t h e  g e n e r a l  obse rva t ion  t h a t  t e n s i l e  

s t r e n g t h s  tend  t o  i n c r e a s e  a s  sample s i z e  dec reases .  

The second concerns  i t s e l f  w i th  t h e  mode o f  f a i l u r e  

a t  t h e  i n t e r f a c e .  I f  t h e  f a i l u r e  i s  n o t  due t o  pure  

t e n s i o n  a t  t h e  i n t e r f a c e  b u t  r a t h e r  i s  i n  p a r t  o r  

whole due t o  exces s ive  shea r  stress i n  t h e  n i c k e l  d i s k  

then  t h e  l a r g e r  d iameter  specimens would i n d i c a t e  

lower adhesion s t r e n g t h s .  Examination of t h e  f r a c t u r e d  

specimens i n d i c a t e d  t h a t  t h e  bottom s u r f a c e  of t h e  

mandrel o f t e n  r e t a i n e d  some adhe ren t  n i c k e l ,  b u t  no 

c o r r e l a t i o n  was found. However, it i s  apparen t  t h a t  

t h e  i n t e r f a c e  adhesion s t r e n g t h  i s  a t  l e a s t  equa l  t o  

t h e  minimum f i g u r e s  c i t e d  above. 

Photomicrographs of t h e  d i s s i m i l a r  meta l  - EF 

n i c k e l  i n t e r f a c e  were made. They a r e  shown i n  f i g u r e s  

2,3,4. 



111. SPRAYED COATINGS 

The a p p l i c a t i o n  of sprayed c o a t i n g s  t o  m e t a l l i c  

t h r u s t  chambers t o  p rov ide  thermal  o r  o x i d a t i o n  

b a r r i e r s  poses many f a b r i c a t i o n  problems as d i scussed  

i n  t he  i n t r o d u c t i o n  of t h i s  r e p o r t .  However, i f  

e l ec t ro fo rming  i s  t o  be used a s  t h e  b a s i c  f a b r i c a t i o n  

technique ,  s e v e r a l  i n t e r e s t i n g  advantages acc rue  i n  

t h e  a r e a  of sprayed c o a t i n g s .  I t  i s  suggested t h a t  

t h e  mandrel upon which e l e c t r o d e p o s i t i o n  i s  t o  occur 

f i r s t  be  sprayed wi th  t h e  r equ i r ed  coa t ing .  Herein 

l i e  t h e  primary advantages.  Plasma o r  flame sp ray ing  

i s  performed on t h e  O.D. of a  s u r f a c e  r a t h e r  t han  

t h e  I . D . ,  t hus  removing any spray  equipment s i z e  l i m i -  

t a t i o n s .  Uniform o r  v a r i a b l e  c o a t i n g  t h i c k n e s s e s  can 

be achieved by gr ind ing  o r  s i m i l a r  p rocesses .  I f  i n -  

s p e c t i o n  of t h e  coa t ing  uncovers any f laws  o r  s u s p e c t  

a r e a s ,  t h e  e n t i r e  c o a t i n g  can be r e a d i l y  removed and 

rep laced .  

A f t e r  a  s a t i s f a c t o r y  sprayed c o a t i n g  i s  ob ta ined  

a  n i c k e l  i n t e g r a l  coo l ing  passage system can be elec- 

troformed on t o p  of t h e  c o a t i n g .  Depending on t h e  

exac t  c o a t i n g  s e l e c t e d ,  it i s  p o s s i b l e  t o  o b t a i n  e i t h e r  



o r  both a  mechanical type bond (due t o  t h e  roughness 

of t h e  o u t e r  l a y e r s  of coa t ing)  o r  an electrochemical  

type bond. E i t h e r  of t h e  above descr ibed bonds should 

r e s u l t  i n  b e t t e r  adhesion than t h a t  obtained by spray- 

ing  on t h e  i n s i d e  of a  chamber. 

Two a reas  of i n v e s t i g a t i o n  were requi red  f o r  t h e  

success fu l  app l i ca t ion  of t h e  above descr ibed concept. 

The f i r s t  concerned i t s e l f  with process  s p e c i f i c a t i o n s  

f o r  e l ec t rodepos i t ion  on coat ings .  I f  t h e  coat ing  i s  

conductive it i s  poss ib le  t o  depos i t  metal  d i r e c t l y  and 

ob ta in  a t  l e a s t  a mechanical type bond. However, z i r -  

conia  was chosen a s  t h e  primary coat ing  t o  be u t i l i z e d  

i n  t h i s  study. Zirconia i s  a  poor e l e c t r i c a l  conductor, 

t h e r e f o r e  r equ i r ing  t h a t  procedures be developed f o r  

rendering t h e  z i r con ia  su r face  conductive. The second 

a rea  of concern was methods of mandrel removal from 

the  spray coat ing .  When a  n i c k e l  t h r u s t  chamber i s  

electroformed d i r e c t l y  on a  mandrel a  p a r t i n g  medium 

i s  u t i l i z e d  s o  t h a t  t h e  mandrel can be r e a d i l y  e x t r a c t e d  

and reused. One goal  of t h e  present  program i s  t o  de- 

velop methods t o  remove t h e  mandrel from t h e  spray 

coat ing  s o  t h a t  it too  can be r e a d i l y  ex t rac ted  and 

reused,  thereby keeping c o s t s  t o  a  minimum. 



A s t anda rd  procedure f o r  r ende r ing  t h e  s u r f a c e  

of a  non-conductor conduct ive  f o r  t h e  purpose of 

subsequent e l e c t r o d e p o s i t i o n  i s  t o  p a i n t  o r  spray  

t h e  p l a t i n g  a r e a s  wi th  a  m a t e r i a l  such as s i l v e r  

p a i n t .  This ,  however, a l lows  f o r  l i t t l e  o r  no 

adhesion between t h e  s u b s t r a t e  and m e t a l l i c  d e p o s i t .  

Adhesion can be g r e a t l y  improved by " f i r i n g "  t h e  

s i l v e r  i n t o  t h e  non-conductive c o a t i n g  s u r f a c e .  Th i s  

procedure was d i sca rded  s i n c e  t h e  impregnated s i l v e r  

might d e s t r o y  t h e  i n s u l a t i v e  q u a l i t i e s  of t h e  coa t ing .  

I t  would be most d e s i r a b l e  i f  t h e  medium t h a t  i s  used 

t o  render  t h e  c o a t i n g  conduct ive  had thermal  p r o p e r t i e s  

( conduc t iv i ty ,  c o e f f i c i e n t  of expansion) s i m i l a r  t o  

e lec t roformed n i c k e l .  This would of cou r se  keep t h e r -  

mal stresses t o  a minimum. A s  a  r e s u l t ,  a t t e n t i o n  w a s  

focused on t h e  u se  of e l e c t r o l e s s  n i c k e l  o r  plasma 

sprayed n i c k e l  a s  methods of r ende r ing  t h e  z i r c o n i a  

c o a t i n g  conduct ive .  

I n  t h e  e l e c t r o l e s s  n i c k e l  p roces s  t h e  metal  i s  

depos i t ed  by chemical  r educ t ion  wi thou t  e l e c t r i c  

c u r r e n t .  The r e s u l t i n g  d e p o s i t  i s  v i r t u a l l y  pore  f r e e .  

One advantage of t h i s  p rocess  i s  t h a t  t h e  depos i t ed  

th i ckness  i s  very evenly d i s t r i b u t e d  over t h e  e n t i r e  



s u r f a c e  of complex p a r t s .  Thus, t h e  rough g ra iny  

s u r f a c e  of a  plasma sprayed c o a t i n g  provides  an 

e x c e l l e n t  s u r f a c e  upon which t o  develop a t  l e a s t  a  

mechanical t ype  bond wi th  t h e  e l e c t r o l e s s  n i c k e l .  

P r i o r  t o  immersion i n  t h e  e l e c t r o l e s s  n i c k e l  p l a t i n g  

s o l u t i o n ,  t h e  c o a t i n g  i s  f i r s t  s e n s i t i z e d  and a c t i -  

v a t e d  by immersion i n  a  s tannous c h l o r i d e  s o l u t i o n  

(one minute) fol lowed by immersion i n  a  palladium 

c h l o r i d e  s o l u t i o n  (30 seconds) .  The e l e c t r o l e s s  

n i c k e l  p l a t i n g  t ime i s  20 minutes which r e s u l t s  i n  

a  metal  t h i ckness  of approximately . 0 0 0 2  inch  based 

upon a  nominal d e p o s i t i o n  r a t e  of 0.0005 inch  p e r  

hour.  During t h e  i n v e s t i g a t i o n  it was found t h a t  a  

p o r o s i t y  f r e e  bond between t h e  e l e c t r o l e s s  n i c k e l  

and z i r c o n i a  r equ i r ed  mechanical a g i t a t i o n  of t h e  

s o l u t i o n  coupled wi th  r o t a r y  motion of t h e  mandrel. 

A f t e r  t h e  e l e c t r o l e s s  n i c k e l  has been a p p l i e d ,  t h e  

s u r f a c e  i s  then  prepared f o r  e l ec t ro fo rming .  A 

photomicrograph of t h e  e lec t roformed n i c k e l - e l e c t r o -  

less n i c k e l - z i r c o n i a  i n t e r f a c e  i s  shown i n  Figure  5. 

The copper s e rved  a s  t h e  s u b s t r a t e  o r  mandrel upon 

which t h e  z i r c o n i a  and n i c k e l  was depos i t ed .  The 

n i c k e l - z i r c o n i a  i n t e r f a c e  appears  t o  be f r e e  of any 

p o r o s i t y .  



A second method of r ende r ing  t h e  z i r c o n i a  con- 

d u c t i v e  i n  o rde r  t o  e l ec t ro fo rm upon it i s  t o  plasma 

spray  a  pure  n i c k e l  coa t ing .  Accordingly a  specimen 

con ta in ing  a  z i r c o n i a  c o a t i n g  backed wi th  approxi-  

mately . 0 0 2  inch  sprayed n i c k e l  was prepared.  Elec- 

troformed n i c k e l  was depos i t ed  on t h e  sprayed n i c k e l  

and photomicrographs were prepared,  (F igures  6 , 7 ) .  

Both f i g u r e s  i n d i c a t e  a  p o r o s i t y  f r e e  bond between 

l a y e r s .  The plasma sprayed n i c k e l  was i n  t h i s  i n -  

s t a n c e  a c t u a l l y  a  n i cke l - a l l oy  con ta in ing  aluminum 

oxide.  I t  appears  t h a t  e i t h e r  method ( e l e c t r o l e s s  

d e p o s i t i o n  o r  plasma c o a t i n g  of n i c k e l )  i s  s a t i s f a c -  

t o r y  f o r  render ing  t h e  z i r c o n i a  s u r f a c e  s u i t a b l e  f o r  

e l e c t r o d e p o s i t i o n  of an i n t e g r a l  coo l ing  passage 

system. 

Cons idera t ion  was given t o  s e l e c t i o n  of a graded 

c o a t i n g  system f o r  t h e  purpose of minimizing thermal  

stresses between t h e  primary coa t ing  and e lec t roformed 

n i c k e l .  Discuss ions  w i th  t h e  NASA p r o j e c t  eng inee r  

and p a s t  exper iences  a t  Camin Labora to r i e s  r e s u l t e d  i n  

t h e  s e l e c t i o n  of t h e  fo l lowing  system: 

,002" ( 1 0 %  Nichrome - 9 0 %  Zr02) 



.002" (30% Nichrome - 7 0 %  Zr02) 

.002" (70% Nichrome - 30% Z r O Z )  

-002" (Nickel-plasma s p r a y e d )  

A c o a t i n g  sys tem v e r y  s i m i l a r  t o  t h e  above 

( n i c k e l  a lumin ide  i n  p l a c e  of nichrome) has  p r e v i o u s l y  

been used  by Camin L a b o r a t o r i e s  t o  p r o v i d e  a  t h e r m a l  

and o x i d a t i o n  b a r r i e r  t o  an  e l e c t r o f o r m e d  w a t e r  coo led  

t h r u s t  chamber u s i n g  s t o r a b l e  p r o p e l l a n t s  a t  h i g h  

chamber p r e s s u r e .  The c o a t i n g  was a p p l i e d  i n  t h e  con- 

v e n t i o n a l  manner by s p r a y i n g  on t h e  I . D .  of t h e  com- 

p l e t e d  u n i t .  A t  t h a t  t i m e ,  problems were encoun te red  

i n  e n s u r i n g  t h e  d e s i r e d  t h i c k n e s s  of  i n t e r m e d i a t e  

d e p o s i t s  and a c c e s s  of  t h e  s p r a y  equipment  t o  t h e  i n -  

t e r i o r  of  t h e  t h r u s t  chamber. The p r e s e n t  t e c h n i q u e  

o f  a p p l y i n g  t h e  s p r a y  c o a t i n g  t o  t h e  O.D.  o f  a  mandrel  

w i l l  e l i m i n a t e  t h e s e  problems.  

Plasma s p r a y i n g  d i r e c t l y  on a  mandre l  p o s e s  a  

problem i n  t e r m s  of  mandre l  e x t r a c t i o n  f o r  subsequen t  

r e u s e .  One s o l u t i o n  i s  t o  a p p l y  a  p a r t i n g  medium t o  

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

p a r t i n g  medium t h i c k n e s s  must be  a l lowed f o r  i n  t h e  

o r i g i n a l  d e s i g n  of t h e  mandre l .  I t  s h o u l d  b e  ng ted  



t h a t  t h r u s t  chamber mandrels  t h a t  a r e  t o  b e  used repe-  

t i t i v e l y  a r e  normal ly  f a b r i c a t e d  from chromium p l a t e d  

s t a i n l e s s  s t e e l .  One s u g g e s t e d  p a r t i n g  medium i s  a  

s i l icone-a luminum p a i n t  which i s  s p r a y e d  on t h e  mandre l .  

The " p a i n t "  i s  t h e n  cured  i n  an oven a f t e r  which t h e  

r e q u i r e d  r e f r a c t o r y  b a r r i e r  i s  a p p l i e d .  Ref.  4 i n d i -  

c a t e s  t h a t  t h i s  t echn ique  h a s  been s u c c e s s f u l l y  u t i l i z e d  

t o  f a b r i c a t e  m u l t i p l e  f r e e  s t a n d i n g  plasma s p r a y e d  s h a p e s  

from a s i n g l e  mandrel .  I n a b i l i t y  t o  o b t a i n  d e l i v e r y  on 

c e r t a i n  p a r t s  r e q u i r e d  f o r  t h i s  i n v e s t i g a t i o n ,  combined 

w i t h  t h e  s u c c e s s  o f  an a l t e r n a t e  approach t o  t h e  e x t r a c -  

t i ~ n  problem, suspended a l l  e f f o r t s  t o  v e r i f y  t h e  a b i l i t y  

of t h e  s i l icone-a luminum p a i n t  t o  a c t  a s  a  p a r t i n g  medium. 

The secondary  approach was t o  e l e c t r o d e p o s i  t non- 

a d h e r e n t  copper t o  t h e  b a s i c  mandrel  shape  and plasma 

s p r a y  t h e  r e f r a c t o r y  c o a t i n g  upon t h e  copper .  

U l t i m a t e l y ,  t h e  chromium p l a t e d  s t a i n l e s s  s tee l  mandrel  

would be  e x t r a c t e d  and t h e  copper removed from t h e  

r e f r a c t o r y  by chemical  a t t a c k ,  I t  was i n i t i a l l y  i n t e n d e d  

t o  use  o n l y  a  f l a s h  c o a t i n g  of  copper  ( l e s s  t h a n  . 0 0 1  



i n c h )  b u t  t h i s  proved u n s a t i s f a c t o r y ,  due t o  t h e  neces -  

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

c o a t i n g  t h e  z i r c o n i a .  The t h i n  l a y e r  of  copper  t ended  

t o  r i p p l e  and t e a r .  A copper l a y e r  i n  e x c e s s  of  .010 i n c h  

i s  r e q u i r e d .  T h i s  l a t t e r  r e q u i r e m e n t  was examined w i t h  

r e s p e c t  t o  t h e  f a b r i c a t i o n  o f  a  t h r u s t  chamber. 

I f  a  .015 i n c h  t h i c k  l a y e r  o f  copper  i s  r e q u i r e d  

t h e  s t e e l  mandre l  i s  des igned  and f a b r i c a t e d  w i t h  a  

c o n t o u r  t h a t  i s  .030 i n c h  d i a m e t e r  less t h a n  t h e  

f i n i s h e d  I . D .  Copper i s  d e p o s i t e d ,  and machined i f  

n e c e s s a r y ,  t o  a  uni form w a l l  t h i c k n e s s  o f  .015 i n c h .  

R a t h e r  t h a n  e l e c t r o d e p o s i t  copper  f o r  t h e  pur-  

pose  of  showing t h e  f e a s i b i l i t y  o f  t h e  sys tem,  a  copper 

t u b e  was s u b m i t t e d  f o r  a p p l i c a t i o n  of a  z i r c o n i a  c o a t -  

i n g  ( F i g u r e  5 ) .  A f t e r  e l e c t r o f o r m i n g  a  n i c k e l  s h e l l  

a round t h e  z i r c o n i a ,  t h e  copper  was removed by d i s -  

s o l v i n g  i t  i n  n i t r i c  a c i d .  S c r a p i n g s  of  t h e  z i r c o n i a  

t h a t  had been i n  c o n t a c t  w i t h  t h e  copper  w e r e  s u b j e c t e d  

t o  a  q u a l i t a t i v e  s p e c t r o g r a p h i c  a n a l y s i s .  The copper  

c o n t e n t  w a s  less t h a n  one p a r t  i n  t e n  thousand.  



I V .  WIRE WRAP -INFORCEMENT 

I t  h a s  been proposed t o  r e i n f o r c e  e l e c t r o f o r m e d  

t h r u s t  chambers by u t i l i z i n g  a  w i r e  wrap i n n e r  and /o r  

o u t e r  s h e l l .  For  t h e  i n n e r  l i n e r  it i s  s u g g e s t e d  t h a t  

a  c y l i n d r i c a l  s h e l l  b e  formed by wrapping a  c o n t i n u o u s  

w i r e  around a  mandrel .  The w i r e  m a t e r i a l  may b e  N i c k e l ,  

I n c o n e l  718, H a s t e l l o y  X o r  TD N i c k e l ,  s i n c e  a d h e s i o n  

o f  e l e c t r o f o r m e d  n i c k e l  t o  t h e s e  s u b s t r a t e s  h a s  been 

developed.  Af ter  t h e  wire-wrap c y l i n d e r  h a s  been formed 

an a d h e r e n t  e l e c t r o f o r m e d  c o o l i n g  p a s s a g e  s y s t e m  and 

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

A t h r e e  i n c h  d i a m e t e r  by s i x  i n c h  long  c y l i n d e r  

was f a b r i c a t e d  from 1 /2"  wide by 0.015" t h i c k  I n c o n e l  

718 r i b b o n .  The c y l i n d e r  was f a b r i c a t e d  by NASA L e w i s  

Research  Cen te r  by drawing t h e  r i b b o n  th rough  a  d i e  which 

formed a  s t e p  i n  t h e  c r o s s - s e c t i o n .  The r i b b o n  was 

wrapped on a  mandre l ,  s p o t  we ld ing  t h e  s t e p s  e v e r y  180 

d e g r e e s .  The ribbon-wrap c y l i n d e r  was t h e n  removed from 

t h e  mandrel  and f i t t e d  w i t h  end p l u g s .  The c y l i n d e r  was 

p r e s s u r i z e d  and,  a s  e x p e c t e d ,  was found t o  l e a k  i n  

numerous p l a c e s .  Th i s  i m p l i e s  t h a t  i f  an i n n e r  l i n e r  i s  



t o  b e  f a b r i c a t e d  from a  r ibbon-wrap c y l i n d e r ,  an  i n i t i a l  

d e p o s i t  of  e l e c t r o f o r m e d  m e t a l  must b e  used  t o  s e a l  

l e a k s  from t h e  c o o l i n g  c h a n n e l s .  T h e r e f o r e ,  t h e  c y l i n d e r  

was p r e p a r e d  f o r  e l e c t r o f o r m i n g .  An i n i t i a l  d e p o s i t  o f  

approx imate ly  0 . 0 0 5  " was a p p l i e d  a t  low c u r r e n t  d e n s i t y .  

The u n i t  was p r e s s u r i z e d  and found t o  b e  g a s  t i g h t .  Micro- 

s c o p i c  examina t ion  r e v e a l e d  a  uni form d e p o s i t  o v e r  t h e  en- 

t i r e  c y l i n d e r .  The most  encourag ing  a s p e c t  was t h e  l a c k  

o f  any h i g h  c u r r e n t  d e n s i t y  edge b u i l d u p  of  t h e  e l e c t r o -  

formed n i c k e l .  F i g u r e  8 shows t h e  m e t a l  r i b b o n ,  f r e e  

s t a n d i n g  wire-wrapped s h e l l  and t h e  l i n e r  a f t e r  d e p o s i t i o n  

of n i c k e l .  

The o u t e r  s h e l l  r e i n f o r c e m e n t  i s  o b t a i n e d  by e l e c -  

t r o f o r m i n g  a  t h i n  o u t e r  s h e l l  around t h e  t o p  of  t h e  coo l -  

i n g  p a s s a g e  r i b s .  The r i b  b u i l d - u p  would be  s i m i l a r  t o  

t h a t  d i s c u s s e d  i n  S e c t i o n  V I .  The purpose  of t h i s  t h i n  

s h e l l  i s  t o  s e a l  o f f  t h e  c o o l a n t  c h a n n e l s .  A t  t h i s  p o i n t  

a w i r e  wrapping i s  a p p l i e d .  The wrapping i s  n o t  t i g h t  i n  

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

s u b s e q u e n t  wind ings  which i s  of t h e  o r d e r  of t h e  w i r e  

w i d t h ,  I f  t h e  w i r e  t h i c k n e s s  i s  g r e a t e r  t h a n  . 0 2 0 "  t h e  

t o p  s u r f a c e  o f  t h e  w i r e  i s  masked and n i c k e l  i s  d e p o s i t e d  



( w i t h  a d h e s i o n )  i n  t h e  a r e a s  between w i r e  wraps.  The 

p r o c e s s  i s  i n t e r r u p t e d  when t h e  n i c k e l  h a s  grown o v e r  

t h e  t o p  of  t h e  w i r e ,  A machining o p e r a t i o n  r e d u c e s  t h e  

d e p o s i t e d  n i c k e l  d iamete r  e q u a l  t o  t h e  w i r e  wrap.  A t  

t h i s  p o i n t  t h e  maskant i s  removed and t h e  remainder  of  

t h e  o u t e r  s h e l l  i s  d e p o s i t e d .  I f  t h e  w i r e  t h i c k n e s s  

i s  less t h a n  .020" i t  i s  p o s s i b l e  t o  e l i m i n a t e  t h e  

masking o p e r a t i o n  and s i m u l t a n e o u s l y  d e p o s i t  m e t a l  

i n  t h e  s p a c e  between windings  and t h e  t o p  of t h e  

r i b b o n .  T h i s  i s  p o s s i b l e  because  t h e  d e p o s i t e d  m e t a l  

w i l l  f i l l  i n  t h e  r e g i o n  between windings  b e f o r e  t h e  

m e t a l  t h a t  d e p o s i t s  on t h e  t o p  of  t h e  r i b b o n  can 

accumula te  and s h i e l d  t h e  s p a c e  between wind ings .  

A f t e r  t h e  n i c k e l  h a s  grown s u f f i c i e n t l y  above t h e  t o p  

o f '  t h e  r i b b o n  a  machining o p e r a t i o n  t u r n s  t h e  0 .  D.  t o  

a p r e s c r i b e d  t h i c k n e s s .  The p rocedure  can  now b e  

r e p e a t e d  and a  s h e l l  c o n t a i n i n g  s e v e r a l  windings  can  

b e  a c h i e v e d .  F i g u r e  9 i s  a  photomicrograph of  a 

doub le  winding of  n i c k e l  w i r e  ( .  0 6 0  " wide x .010" t h i c k )  , 

i n  an e l e c t r o f o r m e d  n i c k e l  s h e l l .  



V .  DESIGN OF R I B B E D  TEST SPECIMENS 

The purpose  of t h e  p r e l i m i n a r y  l a b o r a t o r y  i n -  

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

t h i s  r e p o r t  was t o  e s t a b l i s h  c e r t a i n  p rocedures  f o r  

e l e c t r o f o r m i n g  composi te  s t r u c t u r e s .  Q u a n t i t a t i v e  

d a t a  a s  a p p l i e d  t o  adhes ion  s t r e n g t h s  of  d i s s i m i l a r  

m e t a l  combina t ions  was a l s o  o b t a i n e d .  The t e c h n i q u e s  

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

e i t h e r  f l a t  p l a t e  o r  c y l i n d r i c a l  r i b b e d  t e s t  specimens 

which c o n t a i n  a n  i n n e r  w a l l ,  r i b - c o o l i n g  passage  con- 

f i g u r a t i o n  and o u t e r  s h e l l .  The m a t e r i a l  combinat ions  

enumerated i n  Tab le  I o f  t h i s  r e p o r t  a r e  t o  b e  u t i l i z e d .  

Accord ing ly ,  a  d e s i g n  f o r  t h e  t e s t  specimens  was 

p r e p a r e d  and s u b m i t t e d  t o  t h e  NASA p r o j e c t  e n g i n e e r  on 

October  1 8 ,  1967. Approval  was s u b s e q u e n t l y  g r a n t e d .  

The d e s i g n  a n a l y s i s  i s  p r e s e n t e d  a s  Appendix A o f  t h i s  

r e p o r t .  The specimens c o n t a i n i n g  s o l i d  i n n e r  w a l l s  

( I n c o n e l ,  H a s t e l l o y  X I  T D  N i c k e l )  a r e  4.00 i n c h  I . D .  

w i t h  a  0.030 i n c h  t h i c k  i n n e r  w a l l .  A t o t a l  of 45 

e l e c t r o f o r m e d  r i b s  ( e q u a l l y  s p a c e d )  measur ing  .040 i n c h  

wide  by .050 i n c h  h i g h  j o i n  t h e  i n n e r  l i n e r  t o  a  .150 

i n c h  t h i c k  e l e c t r o f  ormed n i c k e l  j a c k e t .  The r e f r a c t o r y  



c o a t e d  e l e c t r o f o r m e d  n i c k e l  u n i t  i s  4.0 i n c h  I . D .  and 

c o n t a i n s  .012 i n c h e s  o f  c o a t i n g ,  .040 i n c h e s  of  n i c k e l  

l i n e r ,  60 r i b s  measur ing  .050 i n c h e s  h i g h  by .050 i n c h e s  

wide and a  . I 5 0  i n c h  t h i c k  o u t e r  j a c k e t .  The w i r e  

wrapped i n n e r  l i n e r  w i l l  b e  f a b r i c a t e d  from I n c o n e l  718 

w i r e .  The l i n e r  t h i c k n e s s  i s  ,030 i n c h e s  w i t h  a nominal  

I . D .  o f  3.0 i n c h e s .  A t o t a l  o f  20 e l e c t r o f o r m e d  r i b s ,  

.060 i n c h  wide by .050 i n c h  h i g h  w i l l  j o i n  t h e  l i n e r  t o  

t h e  . I 5 0  i n c h  t h i c k  o u t e r  j a c k e t .  

I n  o r d e r  t o  t e s t  t h e  concep t  of o u t e r  j a c k e t  

r e i n f o r c e m e n t  a  6.00 i n c h  I . D .  c y l i n d e r  c o n t a i n i n g  

a  double  winding o f  301 s t a i n l e s s  s t e e l  r i b b o n  ( .250 

i n c h e s  wide by .020 i n c h e s  t h i c k )  w i l l  b e  f a b r i c a t e d  

and s u b j e c t e d  t o  h y d r o s t a t i c  b u r s t  t e s t .  



V I .  FABRICATION O F  RIBBED TEST SPECIMENS 

Upon c o m p l e t i o n  o f  t h e  p r e l i m i n a r y  l a b o r a t o r y  

i n v e s t i g a t i o n  w h e r e i n  methods were d e v e l o p e d  f o r  

e l e c t r o f o r m i n g  c o m p o s i t e  s t r u c t u r e s ,  c y l i n d r i c a l  

r i b b e d  t e s t  spec imens  w e r e  d e s i g n e d  and s u b s e q u e n t l y  

f a b r i c a t e d .  

A.  D i s s i m i l a r  M e t a l  L i n e r s .  

I n  o r d e r  t o  f a b r i c a t e  a  p r o t o t y p e  t h r u s t  chamber 

c o n t a i n i n g  a n  I n c o n e l  718 ,  H a s t e l l o y  X o r  TD N i c k e l  

l i n e r  w i t h  e l e c t r o f o r m e d  r i b s  and o u t e r  j a c k e t  it i s  

f i r s t  n e c e s s a r y  t o  o b t a i n  t h e  d i s s i m i l a r  m e t a l  l i n e r .  

The l i n e r  must  b e  4.000 i n c h e s  (+ .  005) i n t e r n a l  d i -  

a m e t e r  w i t h  a  t h i c k n e s s  o f  .030 i n c h e s  ( k . 0 0 2 ) .  I n  

a d d i t i o n ,  t h e  l i n e r  must  b e  mounted on a mandre l  con- 

t a i n i n g  c e n t e r s  and must  b e  c o n c e n t r i c  w i t h  t h e  mandre l  

c e n t e r s .  F o r  l a r g e  q u a n t i t y  p r o d u c t i o n  it i s  con- 

c e i v a b l e  t h a t  drawn t u b i n g  c o u l d  b e  e c o n o m i c a l l y  ob- 

t a i n e d .  However, f o r  t h e  p u r p o s e s  o f  t h e  p r e s e n t  

i n v e s t i g a t i o n  t h e  l i n e r s  w e r e  f a b r i c a t e d  from s h e e t  

s t o c k  t h a t  was r o l l e d  and welded .  

The s h e e t  s t o c k  ( .040  i n c h  t h i c k )  was r o l l e d  on 



a n  expandable  mandrel  and a l o n g i t u d i n a l  e l e c t r o n  

beam weld was made. The I . D .  was bored  and honed 

t o  remove any rough s p o t s  under  t h e  weld.  The 

c y l i n d e r  was r e p l a c e d  on t h e  mandrel  and t h e  O . D .  

t u r n e d  t o  a c h i e v e  t h e  r e q u i r e d  l i n e r  t h i c k n e s s .  

F i g u r e  1 0  shows a  f i n i s h e d  I n c o n e l  718 l i n e r  on i t s  

mandre l .  A t  t h i s  p o i n t  t h e  u n i t  is  e i t h e r  s p r a y  o r  

d ip -coa ted  w i t h  v i n y l  t o  a  minimum t h i c k n e s s  of  . 0 6 0  

i n c h e s .  A f t e r  t h e  v i n y l  has  been c u r e d  it i s  t u r n e d  

t o  a  uni form t h i c k n e s s  of  , 0 6 0  i n c h e s .  F o r t y - f i v e  

e q u a l l y  spaced  grooves a r e  c u t  i n  t h e  v i n y l  ( .  040 

i n c h  wide)  exposing t h e  l i n e r  m a t e r i a l  a t  t h e  b a s e  o f  

t h e  groove.  A band of v i n y l  i s  removed a t  b o t h  ends  

of t h e  mandrel .  F i g u r e  11 d e p i c t s  t h e  u n i t  a f t e r  

v i n y l  machining.  

The p a r t  i s  p rocessed  i n  accordance  w i t h  t h e  

p r o c e d u r e s  developed f o r  o b t a i n i n g  a d h e s i o n  of e l e c -  

t ro fo rmed  n i c k e l  t o  t h e  l i n e r  m a t e r i a l  on t h e  mandre l .  

The r i b s  a r e  grown i n  t h e  e l e c t r o f o r m i n g  b a t h ,  u n i n t e r -  

r u p t e d l y ,  u n t i l  t h e y  have exceeded t h e  h e i g h t  of  t h e  

v i n y l ,  F i g u r e  1 2 .  The u n i t  i s  t u r n e d  t o  a c h i e v e  a  

un i fo rm r i b  h e i g h t  of -050". The v i n y l  was o r i g i n a l l y  

a p p l i e d  t o  a  h e i g h t  of .060"so  t h a t  t h e  r i b s  c o u l d  b e  



machined back in order to remove the nodules that 

invariably form along the top of the ribs. After 

this last machining operation the vinyl is removed. 

Figure 13 shows the unit which now consists of the 

dissimilar metal liner with electroformed nickel end 

bands and longitudinal ribs forming a series of cool- 

ing passages. The top of the ribs are masked and 

wax is injected into cooling passages using a rolled 

piece of sheet metal and several clamps as a mold 

cover. The sheet metal cover is removed and a con- 

ductive medium is applied to the top of the wax. The 

maskant is removed from the top of the ribs and the 

unit is processed for nickel to nickel adhesion and 

returned to the electroforming bath for deposition of 

the outer shell. After sufficient metal has been ac- 

cumulated the O.D. is turned to size, and , 0 6 2  inch 

diameter feed holes are drilled into each cooling 

passage. Using the end of the mandrel as a reference 

the unit is trimmed to length (at the outside of the 

end bands, Fig. 11) and removed from the mandrel. 

Either individual feed tubes are welded into each 

feed hole or a pre-machined ring is welded in place 
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t o  manifold a l l  of  t h e  cool ing  passages .  F igure  1 4  

shows a completed u n i t .  

The above procedures were used t o  f a b r i c a t e  3 

u n i t s  con ta in ing  Incone l  718 l i n e r s  and 3 u n i t s  con- 

t a i n i n g  Has t e l l oy  X l i n e r s .  However, t h e  same pro- 

cedures  could no t  be  used f o r  o b t a i n i n g  r e l i a b l e  TD 

n i c k e l  l i n e r s .  The i n i t i a l  a t t empt s  a t  e l e c t r o n  beam 

welding t h e  c y l i n d e r s  r e s u l t e d  i n  ex t ens ive  t h o r i a  

migra t ion .  The jo in ing  procedures  o u t l i n e d  i n  NASA 

r e p o r t  #CR72320 were a t tempted.  This i nvo lves  TIG 

f u s i o n  welding us ing  e i t h e r  nichrome 5 o r  Has t e l l oy  

X f i l l e r  w i r e .  The end r e s u l t s  were porous crack 

s e n s i t i v e  welds wi th  reduced mechanical p r o p e r t i e s ,  

Fig.  15. Although t h e r e  was a p o s s i b i l i t y  t h a t  

a d d i t i o n a l  e f f o r t  would r e s u l t  i n  r e l i a b l e  welded 

c y l i n d e r s ,  t h i s  was n o t  w i t h i n  t h e  scope of t h e  p r e s e n t  

i n v e s t i g a t i o n .  A s  a  r e s u l t ,  i t  was decided t o  f a b r i -  

c a t e  t h e  TD n i c k e l  c y l i n d r i c a l  r i bbed  specimens by 

r o l l i n g  t h e  s h e e t  and clamping i t  t o  a mandrel.  A 

l o n g i t u d i n a l  "weld" was c r e a t e d  by e l ec t ro fo rming  

a n i c k e l  r i b  d i r e c t l y  over t h e  seam. The TD n i c k e l  

s h e e t  (.045 inch  t h i c k )  was r o l l e d  and clamped t o  a 



4 i nch  diameter  mandrel.  I n  p l a c e  of  a long i tu -  

d i n a l  weld,  an e lec t roformed r i b  i s  p o s i t i o n e d  

over  t h e  seam. This  i s  accomplished by coa t ing  t h e  

TD n i c k e l  w i t h  f i l l e r  m a t e r i a l  and p o s i t i o n i n g  

one groove (which subsequent ly  becomes a  r i b )  d i r e c t l y  

over  t h e  seam. The method of f a b r i c a t i o n  i s  t h a t  out-  

l i n e d  p rev ious ly  f o r  t he  Has te l loy  X and Incone l  718 

u n i t s .  The c o n f i g u r a t i o n  i s  t h a t  g iven  i n  Appendix A 

excep t  t h a t  t h e  i n n e r  w a l l  t h i ckness  i s  .045 inches .  

The Has te l loy  X and Incone l  718 u n i t s  con ta ined  i n n e r  

w a l l  t h i cknesses  o f  .030 inches .  This was achieved 

by machining t h e  l i n e r s  a f t e r  t h e  l o n g i t u d i n a l  EB weld 

was made. S ince  welding of t h e  TD u n i t s  proved t o  

be  i m p r a c t i c a l  and t h e  i n n e r  w a l l  t h i c k n e s s  can be 

accounted f o r  i n  t h e  stress c a l c u l a t i o n s ,  no a t tempt  

was made t o  o b t a i n  a  .030 inch t h i c k  TD n i c k e l  s h e e t .  

The .045 inch  t h i c k  s h e e t  which was ob ta ined  i n  

a n t i c i p a t i o n  of machining a f t e r  welding was u t i l i z e d .  

Three u n i t s  were f a b r i c a t e d  con ta in ing  .040 inch  

wide by .050 inch  h igh  e lec t roformed r i b s .  The coo l ing  

passage width  i s  .244 inches  and t h e  o u t e r  s h e l l  t h i ck -  

n e s s  i s  -150 inches .  



B.  Sprayed Coating L ine r s .  

P a r t  of t h i s  development e f f o r t  was t o  f a b r i c a t e  

p ro to type  chambers con ta in ing  sprayed r e f r a c t o r y  l i n e r s  

and e lec t roformed n i c k e l  r i b -coo l ing  passage systems 

and o u t e r  j acke t s .  Two plasma spray  c o a t i n g s  would 

be  u t i l i z e d .  The f i r s t  s e t  of u n i t s  would c o n t a i n  

on ly  a  z i r c o n i a  c o a t i n g  whi le  t h e  second set  of u n i t s  

would con ta in  t h e  graded c o a t i n g  system o u t l i n e d  i n  

Sec t ion  I11 of t h i s  r e p o r t .  

A s e r i e s  of mandrels were f a b r i c a t e d  by plugging 

t h e  ends of copper p i p e  and t u r n i n g  t h e  O.D. of  t h e  

copper t o  4 . 0 0 0  inches  between c e n t e r s .  The mandrels 

were submit ted t o  t h e  Linde Div is ion  of Union Carbide 

Corporat ion f o r  a p p l i c a t i o n  of  t h e  coa t ings .  

Upon r e c e i p t  of t h e  coa ted  mandrels ,  a l l  of  which 

conta ined  an outermost  l a y e r  of .002"of plasma sprayed 

n i c k e l ,  an e lec t roformed n i c k e l  l i n e r  was depos i t ed  on 

t o  t h e  coa t ing .  The O . D .  of t h e  n i c k e l  was machined 

t o  ach ieve  a  uniform th i ckness  of  . 0 4 0  inches .  The 

procedures  o u t l i n e d  i n  p a r t  A of t h i s  s e c t i o n  were 

t hen  implemented i n  o rde r  t o  f a b r i c a t e  t h e  r i b s  and 

o u t e r  j a c k e t ,  (F igures  1 1 , 1 2  and 1 3 ) .  The e lec t roformed 



p a r t  was trimmed t o  l e n g t h  and t h e  mandrel  p lugs  and 

c e n t e r s  were removed. The copper  was removed from 

t h e  i n t e r i o r  of  t h e  sp rayed  ceramic by immersing t h e  

u n i t  i n  5 0 %  n i t r i c  a c i d .  The f e e d  h o l e s  w e r e  d r i l l e d  

and manifolds  welded i n  p l a c e .  The f i r s t  manifold  

was welded by t h e H e l i a r c m e t h o d .  Th i s  r e s u l t e d  i n  

s p a l l i n g  and c r a c k i n g  o f  t h e  c o a t i n g ,  F igu re  17a. Sub- 

s equen t  u n i t s  w e r e  e l e c t r o n  beam welded,  w i t h  no appar-  

e n t  d i s t u r b a n c e  t o  the c o a t i n g ,  F igu re  17b. I n  g e n e r a l ,  

t h e  f a b r i c a t i o n  of  t h e  u n i t s  proceeded smoothly,  and 

the f i n i s h e d  s u r f a c e  o f  ceramic  was f r e e  of  c r acks  and 

a s  smooth a s  expec ted .  

C. Wire Wrap Reinforcement - I n n e r  Wall.  

The scope  of  t h i s  phase  of  t h e  i n v e s t i g a t i o n  was 

t o  f a b r i c a t e  c y l i n d r i c a l  chambers c o n t a i n i n g  a  r i bbon  

o r  w i r e  wrapping as an i n n e r  l i n e r .  These l i n e r s  would 

t h e n  be  backed by an e l ec t ro fo rmed  r i b - c o o l i n g  passage  

sys tem and o u t e r  j a c k e t .  The l i n e r s  w e r e  s u p p l i e d  by 

NASA and f a b r i c a t e d  a s  o u t l i n e d  i n  s e c t i o n  I V  of t h i s  

r e p o r t .  The f r e e  s t a n d i n g  l i n e r s  ( 3  i n c h  nominal d i -  

amete r )  were mounted on mandrels  w i t h  c e n t e r s ,  F igu re  

8 .  The u n i t s  w e r e  i n s p e c t e d  and found t o  be o u t  of 

round by a s  much a s  .010': S ince  c o n c e n t r i c i t y  and d i -  

mensional  c o n t r o l  a r e  e s s e n t i a l  t o  subsequent  e l e c t r o f o r m i n g  



and machining o p e r a t i o n s ,  any subsequen t  u n i t s  t h a t  

a r e  f a b r i c a t e d  s h o u l d  b e  wrapped d i r e c t l y  on t h e  mandrel  

t h a t  w i l l  s e r v e  a s  t h e  e l e c t r o f o r n i n g  and machining 

mandre 1. 

S i n c e  t h e  u n i t s  a s  wrapped a r e  n o t  gas  t i g h t ,  

a  . 0 1 0 " t h i c k  j a c k e t  of e l e c t r o f o r m e d  n i c k e l  was de- 

p o s i t e d .  The r i b - c o o l i n g  p a s s a g e  sys tem and o u t e r  

j a c k e t  was f a b r i c a t e d  a s  p r e v i o u s l y  d e s c r i b e d .  A com- 

p l e t e d  u n i t  i s  shown i n  F i g u r e  18 .  

3. Outer  J a c k e t  Reinforccrnent.  

I n  o r d e r  t o  de te rmine  t h e  m e r i t s  o f  a  w i r e  wrap- 

p i n g  i n  an  e l e c t r o f o r m e d  n i c k e l  o u t e r  j a c k e t ,  s e v e r a l  

c y l i n d r i c a l  s h e l l s  w e r e  f a b r i c a t e d .  The f i r s t  s h e l l  

was 6.000 i n c h  I.D. by 6.140 i n c h  O.D., and c o n t a i n e d  

no r e i n f o r c e m e n t ,  i . e . ,  i t  was p u r e  e l e c t r o f o r m e d  

n i c k e l .  The second and t h i r d  s h e l l s  had t h e  same over-  

a l l  d imensions  a s  t h e  f i r s t  e x c e p t  t h e y  c o n t a i n e d  

wind ings  of 301 s t a i n l e s s  s t ee l  r i b b o n  ( . 2 5 d i w i d e  by 

. 0 2 O U t h i c k )  i n  t h e  e l e c t r o f o r m e d  n i c k e l .  A l l  t h r e e  

s h e l l s  w e r e  t o  b e  s u ~ j e c t e d  t o  h y d r o s t a t i c  b u r s t  tes ts  

t o  d e t e r m i n e  i f  t h e  r ibbon  d i d  i n d e e d  supp ly  r e i n f o r c e -  

ment. 



The r e i n f o r c e d  u n i t s  were f a b r i c a t e d  by d e p o s i t i n g  

.010 inch of n i c k e l  on a  6.000 inch  mandrel. The u n i t  

was placed between c e n t e r s  i n  a  l a t h e  and t h e  spoo l  of 

w i r e  was mounted i n  t h e  t o o l  p o s t  ho lder .  One end of 

t h e  wi re  w a s  r i g i d l y  a t t a c h e d  t o  t h e  O.D. of t h e  mandrel 

a t  one end. The r o t a t i o n a l  speed of t h e  mandrel and 

motion of t h e  w i re  spoo l  was a d j u s t e d  t o  r e s u l t  i n  two 

windings p e r  inch .  This  r e s u l t s  i n  a  space of .250 

inches  between ad j acen t  windings.  Electroformed n i c k e l  

i s  then  depos i t ed  between and on t o p  of t h e  windings. 

A machining ope ra t ion  reduces t h e  n i c k e l  t o  .010  inch  

on t o p  of t h e  windings o r  a  t o t a l  t h i ckness  of .040 inch .  

A second winding i s  made by s t a r t i n g  180° o u t  of  phase 

w i t h  t h e  f i r s t  winding. Thus t h e  upper wrap w i l l  be  

l o c a t e d  above t h e  space  between a d j a c e n t  windings of 

t h e  f i r s t  wrap. Electroformed n i c k e l  i s  aga in  depos i t ed ,  

f i l l i n g  t h e  spaces  between windings and enveloping t h e  

t o p  of t h e  w i r e  w i th  .OIONof metal .  Thus a t o t a l  t h i ck -  

nes s  of .070 inches  has  been achieved.  The u n i t  i s  

s t r i p p e d  from t h e  mandrel and end caps  a r e  welded p r i o r  

t o  h y d r o s t a t i c  t e s t .  



Y I I .  RESULTS AND DISCUSSION OF 

RIBBED SPECIMEN TEST PROGRAM 

The fo l lowing  c y l i n d r i c a l  r i b b e d  test  specimens 

w e r e  f a b r i c a t e d  and t e s t e d :  

A. Has t e l l oy  X l i n e r ,  e lec t roformed n i c k e l  r i b s  

and o u t e r  j a c k e t  (3  u n i t s ) .  

B .  Incone l  718 l i n e r ,  e lec t roformed n i c k e l  r i b s  

and o u t e r  j a c k e t  (3 u n i t s ) .  

C.  Wire Mrap l i n e r ,  e lec t roformed n i c k e l  r i b s  

and o u t e r  j a c k e t  (3 u n i t s )  , 

D .  Sprayed Zi rconia  (.012" t h i c k )  backed by 

e lec t roformed n i c k e l  l i n e r  ( . 0 4 O W  t h i c k )  e lec t roformed 

n i c k e l  r i b s  and o u t e r  j acke t  ( 2  u n i t s ) .  

E .  Graded plasma sprayed l i n e r  backed by e l e c -  

troformed n i c k e l  r i b s  and o u t e r  j a c k e t  ( 4  u n i t s ) .  

F.  Wire wrap r e i n f o r c e d  s h e l l  ( 2  u n i t s )  and pure  

e lec t roformed n i c k e l  s h e l l  of equal  t h i c k n e s s  (1  u n i t )  . 

G .  TD Nickel  l i n e r ,  e lec t roformed n i c k e l  r i b s  

and o u t e r  j acke t  (3  u n i t s ]  . 

A l l  u n i t s  were sub jec t ed  t o  5 0  p s i  helium Peak 

tests  by p r e s s u r i z i n g  t h e  cool ing  passages  and immersing 



t h e  u n i t  in a dmm of water. No bubbles  o r  l e a k s  were 

d e t e c t e d .  Thus a l l  of t h e  i n n e r  l i n e r s  were shown t o  

b e  impervious t o  helium. Since  e f f o r t s  w e r e  made t o  

l o c a t e  t h e  weld on Inconel  and Has t e l l oy  l i n e r s  under 

a  cool ing  passage,  t h e  helium l e a k  tes t  i s  a l s o  a tes t  

of t h e  p o r o s i t y  of t h e  weld. The succes s  of t h e  helium 

test  a l s o  i n d i c a t e s  t h e  a b i l i t y  t o  seal t h e  spaces  be- 

tween a d j a c e n t  wraps of t h e  i n n e r  w i r e  wrap l i n e r .  

I n  a d d i t i o n  t o  t h e  l o n g i t u d i n a l  r i b s  which form 

t h e  cool ing  passage,  each c y l i n d r i c a l  r i bbed  specimen 

c o n t a i n s  a c i r c u m f e r e n t i a l  r i b  a t  both  ends. This  c i r -  

cumfe ren t i a l  r i b  j o i n s  t h e  i n n e r  l i n e r  t o  t h e  o u t e r  

j a c k e t  and s e r v e s  as an  end c l o s u r e  o r  t e rmina t ion  f o r  

t h e  cool ing  passages .  The helium l e a k  tes t  desc r ibed  

above a t t e s t s  t o  t h e  t i g h t n e s s  of t h e  j o i n t  between t h e  

l i n e r  and e lec t roformed n i c k e l ,  s i n c e  any lamina t ion  

o r  p o r o s i t y  a t  t h e  n i c k e l - l i n e r  i n t e r f a c e  would permit  

t h e  leakage of helium t o  t h e  e x t e r i o r  of t h e  u n i t .  

One specimen of  each of  ca tegory  A ,  B ,  C ,  and G was 

f a b r i c a t e d  s o  t h a t  each  cool ing  passage could be i n d i -  

v i d u a l l y  p re s su r i zed .  Helium l e a k  tests w e r e  conducted 

by p r e s s u r i z i n g  i n d i v i d u a l  passages  and t h e n  determining 



t h e  presence  of  helium i n  ad j acen t  passages  wi th  t h e  

a i d  of  a  mass spec t rometer .  This  t e s t  was performed 

t o  determine i f  t h e r e  was any p o r o s i t y  a t  t h e  r i b - l i n e r  

o r  r i b - o u t e r  j acke t  i n t e r f a c e .  The procedure a l s o  tes ts  

t h e  p o r o s i t y  of t h e  r i b  i t s e l f .  No l e a k s  were d e t e c t e d .  

The u n i t s  t h a t  d i d  n o t  con ta in  i n d i v i d u a l  f eed  

passages  w e r e  sub jec t ed  t o  hydrau l i c  t e s t i n g .  The 

tests w e r e  conducted-by p r e s s u r i z i n g  t h e  c o o l a n t  passages  

t o  f a i l u r e  of t h e  chambers. 

A. Has t e l l oy  X L iners .  

The f i r s t  u n i t  f a i l e d  a t  600 p s i  coo lan t  passage 

p re s su re .  Examination of t h e  f a i l e d  c r o s s  s e c t i o n ,  

Fig.  19 ,  i n d i c a t e s  t h a t  t h e  f a i l u r e  is a t  t h e  i n t e r -  

f a c e  of t h e  t o p  of t h e  n i c k e l  r i b  and t h e  n i c k e l  o u t e r  

j acke t .  The n icke l -Has te l loy  X i n t e r f a c e  remained in -  

t a c t .  The t e n s i l e  s t r e s s  i n  t h e  r i b  a t  600 p s i  c o o l a n t  

passage p re s su re  i s  only 3600 p s i ,  which i s  w e l l  below 

t h e  a l lowable  stress f o r  n i cke l -n i cke l  adhesion.  The 

i n f e r e n c e  i s  t h a t  adhesion between subsequent d e p o s i t s  

of  n i c k e l  was no t  ob ta ined  i n  a l l  a r e a s .  S ince  n i c k e l  

t o  n i c k e l  adhesion i s  fundamental t o  t h e  Camin e l e c -  

t roformed rocke t  motor system, and has been proven on 



prev ious  a l l  n i c k e l  t h r u s t  chambers a s  w e l l  a s  on t h e  

remaining specimens f o r  t h i s  program, t h i s  f a i l u r e  can 

on ly  be a t t r i b u t e d  t o  improper c l ean ing  and a c t i v a t i o n  

c y c l e s  on t h i s  p a r t i c u l a r  u n i t .  The c r i t i c a l  e x t e r n a l  

p r e s s u r e  which would cause  c o l l a p s e  of t h e  .030 i nch  

t h i c k  Has t e l l oy  X l i n e r  can be es t imated  wi th  t h e  d a t a  

g iven  i n  Reference 6 a s  325 p s i .  Thus t h e  e l e c t r o -  

formed r i b s  and s h e l l  have provided some degree  of  re- 

inforcement  t o  t h e  l i n e r .  

The second u n i t  b u r s t  a t  1525 p s i  c o o l a n t  passage 

p r e s s u r e ,  a s  p r e d i c t e d .  This  was t h e  des ign  load ing  

f o r  f a i l u r e  of t h e  i n n e r  w a l l  due t o  bending. The 

f a i l u r e  i s  c h a r a c t e r i z e d ,  F i g .  2 0 ,  by deformat ion of 

t h e  Has t e l l oy  l i n e r  beyond t h e  y i e l d  p o i n t  and a  t e a r -  

i ng  away of t h e  l i n e r  from t h e  r i b .  The t e n s i l e  stress 

i n  t h e  r i b  i s  9500 p s i  due t o  t h e  c o o l a n t  passage pres -  

s u r e .  However, once t h e  l i n e r  s t a r t s  t o  deform beyond 

t h e  e l a s t i c  l i m i t ,  a d d i t i o n a l  bending s t r e s s e s  a r e  i m -  

posed on t h e  l i n e r - r i b  i n t e r f a c e .  

A photomicrograph of t h e  Has te l loy  X-rib i n t e r f a c e  

was made, F ig .  2 1 .  The sample was c u t  from t h e  f i r s t  

u n i t ,  a t  a p o i n t  d i r e c t l y  under t h e  f a i l u r e .  The 

Has te l loy-n icke l  i n t e r f a c e  i s  f r e e  from p o r o s i t y  and 



s u b s t a n t i a t e s  t h e  a b i l i t y  t o  a t t a i n  r e l i a b l e  H a s t e l l o y  X-  

n i c k e l  j o i n t s .  

B. I n c o n e l  718 L i n e r s .  

One u n i t  f a i l e d  a t  700 p s i  and t h e  o t h e r  a t  850 

p s i  c o o l a n t  p a s s a g e  p r e s s u r e .  Both s e p a r a t i o n s  o c c u r r e d  

a t  t h e  n i c k e l  r i b - I n c o n e l  718 l i n e r  i n t e r f a c e .  The f a i l u r e ,  

F i g .  22, i s  c h a r a c t e r i z e d  by a  s e p a r a t i o n  of  t h e  l i n e r  

from a  s i n g l e  r i b ,  d e f o r m a t i o n  of  t h e  l i n e r  and a  sub- 

s e q u e n t  t e a r i n g  from a d j a c e n t  r i b s .  The c o o l a n t  p a s s a g e  

p r e s s u r e  a t  f a i l u r e  i s  g r e a t e r  t h a n  t h e  c r i t i c a l  c o l -  

l a p s i n g  p r e s s u r e  f o r  an  unsuppor ted  l i n e r  b u t  a p p r o x i -  

m a t e l y  one  t h i r d  of  t h e  maximum bending stress f o r  an 

i n t e g r a l  r i b  c o n s t r u c t i o n .  The i n f e r e n c e  i s  t h a t  com- 

p l e t e  a d h e s i o n  was n o t  o b t a i n e d  th roughou t  t h e  I n c o n e l  

718- r ib  i n t e r f a c e .  

The c a u s e  of t h i s  problem i s  b e l i e v e d  t o  be  due 

t o  t h e  e v o l u t i o n  of g a s  t h a t  o c c u r s  d u r i n g  t h e  I n c o n e l  

a c t i v a t i o n  c y c l e .  I t  shou ld  b e  no ted  t h a t  t h i s  phenom- 

enon i s  n o t  p r e s e n t  d u r i n g  H a s t e l l o y  X o r  n i c k e l  a c t i -  

v a t i o n .  S i n c e  t h e  I n c o n e l  718 i s  a c t i v a t e d  a t  t h e  bot tom 

of  g rooves  which a r e  c u t  i n  t h e  f i l l e r  m a t e r i a l ,  evo lved  

g a s e s  can  a t t a c h  t o  t h e  s i d e w a l l s  of  t h e  grooves  and 



preven t  t h e  proper c lean ing  of t h e  Incone l  718 s u r f a c e .  

During a l l  of t h e  s t e p s  i n  t h e  a c t i v a t i o n  c y c l e  (see 

Sec t ion  11) mechanical a g i t a t i o n  of  t h e  work p i e c e  

i s  employed. A i r  a g i t a t i o n  of s o l u t i o n  i s  a l s o  used 

i n  o rde r  t o  p revent  s t a g n a t i o n  of e l e c t r o l y t e s  and 

a c i d s .  Apparent ly ,  f o r  t h e  c a s e  of Inconel  718-rib i n -  

t e r f a c e s ,  t h e s e  procedures a r e  i n s u f f i c i e n t .  A t echnique  

which o f f e r s  promise of a l l e v i a t i n g  t h e  p r e s e n t  prob- 

lem i s  u l t r a s o n i c  a g i t a t i o n  of s o l u t i o n .  I t  i s  suggested 

t h a t  any f u t u r e  e f f o r t s  i nc lude  an i n v e s t i g a t i o n  of 

t h i s  technique a s  an a d d i t i o n a l  t o o l  f o r  improved 

e l ec t ro fo rming .  

During t h e  pre l iminary  l a b o r a t o r y  i n v e s t i g a t i o n  

of n i c k e l  t o  Inconel  718 adhesion t h e  g a s  evo lu t ion  problem 

was n o t  encountered.  That i s  n o t  t o  say  t h a t  gases  

were nek evolved b u t  r a t h e r  t h e  open a r e a  of t h e  p l a t i n g  

s u r f a c e  (F igure  1) d i d  n o t  provide s u r f a c e s  t o  e n t r a p  

t h e  gas  bubbles .  A s  a  r e s u l t ,  t h e  f a b r i c a t i o n  of adhesion 

specimens proceeded wi thout  forewarning of t h e  problems 

t o  be  encountered du r ing  f a b r i c a t i o n  of  t h e  r ibbed  

specimens. Therefore ,  i t  i s  suggested t h a t  any f u t u r e  

e f f o r t s  t o  develop procedures  f o r  o b t a i n i n g  adhesion of 

e lec t roformed me ta l s  t o  d i s s i m i l a r  m a t e r i a l s  i nc lude  a  



r e d e s i g n  of t h e  a d h e s i o n  specimen.  The new d e s i g n  

s h o u l d  r e q u i r e  d e p o s i t i o n  t o  t h e  base  of  a  g roove  

s i m u l a t i n g  t h r u s t  chamber con£ i g u r a t i o n  . 

C .  Wire Wrap I n n e r  L i n e r s .  

The one  u n i t  t h a t  was t e s t e d  l e a k e d  a t  5 0 0  p s i  

c o o l a n t  passage  p r e s s u r e .  The l e a k  o c c u r r e d  a t  t h e  

v e r y  end of t h e  chamber between t h e  l a y e r s  o f  w i r e  

wrapping.  I t  w i l l  b e  r e c a l l e d  t h a t  t h e  l i n e r  i s  

f a b r i c a t e d  from a  s t e p p e d  w i r e  which r e s u l t s  i n  a n  

o v e r l a p p i n g  of a d j a c e n t  t u r n s  d u r i n g  winding.  When 

t h e  u n i t  i s  trimmed t o  l e n g t h ,  t h e  i n s i d e  of t h e  

f i r s t  winding i s  o n l y  s u p p o r t e d  a t  t h e  l o c a t i o n  of  

t h e  s p o t  welds t o  t h e  o u t s i d e  of  t h e  second winding.  

A s  a  r e s u l t  it t e n d s  t o  p u l l  away from t h e  u n i t .  

T h e r e f o r e ,  t h e  unsuppor ted  s e c t i o n  of t h e  f i r s t  winding 

on t h e  p a r t  i s  c u t  away. The l e a k  o c c u r r e d  a t  t h e  

t e r m i n a t i o n  of  t h i s  winding.  I t  i s  f e l t  t h a t  t h e  f i n a l  

machining o p e r a t i o n  p o s s i b l y  damaged t h e  l i n e r ,  g i v i n g  

r i s e  t o  t h e  l e a k .  

S i n c e  t h e  u n i t  had n o t  been damaged d u r i n g  t h e  

h y d r o s t a t i c  t e s t ,  i t  was d e c i d e d  t o  a t t e m p t  t o  r e p a i r  

it by e l e c t r o f o r m i n g .  The e n t i r e  u n i t  was masked, 

e x c e p t  f o r  t h e  end f a c e  c o n t a i n i n g  t h e  l e a k .  A . 0 3 0 "  



t h i c k  l a y e r  of  e lect roformed n i c k e l  was depos i t ed .  A 

second h y d r o s t a t i c  t e s t  was performed, a t  which t i m e  

t h e  u n i t  f a i l e d  a t  1100 p s i .  This i s  approximately 

90% of t h e  e s t ima ted  f a i l u r e  load ing .  The f a i l u r e  is 

c h a r a c t e r i z e d  by deformat ion of t h e  l i n e r  beyond t h e  

e l a s t i c  l i m i t ,  F ig .  2 3 ,  The i n s i d e  winding deformed 

more than  t h e  o u t s i d e  over lapping  winding. The n i c k e l  

s h e l l  remained adheren t  t o  t h e  o u t s i d e  winding excep t  

i n  t h e  r eg ion  of t h e  r i b ,  where t h e  n i c k e l  r i b  t o  n i c k e l  

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

Incone l  718 wi re  adhesion.  

I t  i s  f e l t  t h a t  f e a s i b i l i t y  of f a b r i c a t i n g  w i r e  

wrapped l i n e r  t h r u s t  chambers conta in ing  e lec t roformed 

r i b s  and s h e l l s  has  been e s t a b l i s h e d .  However, s e v e r a l  

mod i f i ca t ions  t o  t h e  f a b r i c a t i o n  procedures a r e  r e -  

q u i r e d .  The mandrel upon which t h e  w i re  i s  wrapped 

should s e r v e  a s  t he  e lec t roforming  mandrel.  C o n c e n t r i c i t y  

o f  t h e  w i r e  wrapping and t h e  mandrel must be a s su red .  

The wire  wrap l i n e r  should be  f a b r i c a t e d  t o  t h e  f i n i s h e d  

l e n g t h  p r i o r  t o  any e l ec t ro fo rming  o p e r a t i o n .  Simul- 

t aneous ly  w i t h  t h e  d e p o s i t i o n  of t h e  n i c k e l  s h e l l  t h a t  

s e r v e s  t o  s e a l  t h e  l i n e r ,  end r i n g s  of e lec t roformed 

n i c k e l  should be depos i t ed  t o  s e a l  t h e  end f a c e s  of t h e  

l i n e r .  



D. and E ,  Plasma Spray Coated L i n e r s .  

One u n i t  c o n t a i n i n g  t h e  g raded  c o a t i n g  and  

a n o t h e r  u n i t  c o n t a i n i n g  p u r e  z i r c o n i a  w e r e  h y d r a u l i c -  

a l l y  t e s t e d  w i t h  i d e n t i c a l  r e s u l t s .  A s  t h e  u n i t s  

were p r e s s u r i z e d ,  t h e y  were examined f o r  e v i d e n c e  of 

c r a c k i n g  o r  s p a l l i n g  o f  t h e  ce ramic  c o a t i n g  a t  300, 

600, 900 and 1200 p s i .  The c o a t i n g  remained c o m p l e t e l y  

i n t a c t  and e x h i b i t e d  no  s i g n s  of  c r a z i n g .  Both u n i t s  

were p r e s s u r i z e d  t o  6500 p s i  - a t  which p o i n t  a  l e a k  

o c c u r r e d  a t  t h e  weldment of t h e  mani fo ld  t o  t h e  o u t e r  

j a c k e t .  A t  t h i s  p r e s s u r e  t h e  bending stress i n  t h e  

.040 i n c h  n i c k e l  l i n e r  i s  55000 p s i .  The t e n s i l e  stress 

i n  t h e  r i b s  i s  27,000 p s i  which i s  i n d i c a t i v e  of t h e  

fundamenta l  i n t e g r i t y  of n i c k e l  t o  n i c k e l  adhes ion .  

The c o a t i n g s  remained i n t a c t  and w i t h o u t  e v i d e n c e  of  

c r a c k s  d u r i n g  t h e  e n t i r e  p r e s s u r e  c y c l e .  

A t h i r d  u n i t  c o n t a i n i n g  t h e  g raded  c o a t i n g  was 

s u b j e c t e d  t o  h y d r a u l i c  t e s t i n g .  T h i s  u n i t  was p r e s -  

s u r i z e d  t o  14 ,000 p s i  a t  which p o i n t  a  l e a k  developed 

i n  t h e  weldment. No s i g n  of c r a c k i n g  o r  o t h e r  

d e t e r i o r a t i o n  of  t h e  c o a t i n g  was e v i d e n t .  No permanent 

d e f o r m a t i o n  of t h e  l i n e r  was found.  The bending stress 

i n  t h e  . 0 4 0 " t h i c k  n i c k e l  l i n e r  i s  118,000 p s i  and t h e  



t e n s i l e  stress i n  t h e  r i b s  i s  58000 p s i .  

I t  i s  obvious  t h a t  t h e  d e s i g n  o f  t h e s e  u n i t s  

( s e e  Appendix A) was o v e r l y  c o n s e r v a t i v e ,  s i n c e  t h e  

f a i l u r e  p r e s s u r e  was e s t i m a t e d  t o  be  1500 p s i .  I n  

t h e  d e s i g n  a n a l y s i s  t h e  bend ing  stresses were c a l -  

c u l a t e d  f o r  t h e  n i c k e l  l i n e r  t h i c k n e s s  and t h e  c o a t i n g  

was assumed t o  o f f e r  no s u p p o r t .  F a i l u r e  was assumed 

t o  b e  c h a r a c t e r i z e d  by c r a c k i n g  o f  t h e  c o a t i n g .  S i n c e  

t h e  bend ing  stress p r e v i o u s l y  c a l c u l a t e d  exceeds  t h e  

y i e l d  p o i n t  stress f o r  e l e c t r o f o r m e d  n i c k e l  it i s  

s u g g e s t e d  t h a t  t h e  n i c k e l  l i n e r  i s  r e i n f o r c e d  by t h e  

c o a t i n g  and a s  a  r e s u l t  t h e  e q u i v a l e n t  l i n e r  t h i c k n e s s  

i s  g r e a t e r  t h a n  t h a t  of  t h e  n i c k e l  i t s e l f .  Using t h e  

t o t a l  t h i c k n e s s  o f  n i c k e l  and c o a t i n g ,  ( .052 i n c h e s )  

t h e  bend ing  stress f o r  t h e  t h i r d  u n i t  i s  c a l c u l a t e d  

from Equa t ion  4 ,  Appendix A t o  be  70,000 p s i .  The 

f a i l u r e  b e n d i n g ' s t r e s s  used  i n  t h e  o r i g i n a l  d e s i g n  was 

t a k e n  a s  60% o f  t h e  f l e x u r a l  s t r e n g t h  o f  t h e  c o a t i n g ,  

(21,000 p s i ) .  I f  t h e  f l e x u r a l  s t r e n g t h  i s  determined 

i n  a  manner s i m i l a r  t o  t h a t  employed f o r  d e t e r m i n a t i o n  

of  modulus o f  r u p t u r e ,  t h e n  t h i s  q u a n t i t y  i s  i n a d e q u a t e  

f o r  t h e  p r e s e n t  purposes .  Manufacturers  d a t a  i n d i c a t e s  

compress ive  s t r e n g t h s  f o r  z i r c o n i a  a s  h igh  a s  250,000 

p s i .  I t  s e e m s  f e a s i b l e  t h e r e f o r e  t h a t  t h e  c o a t i n g  

can  s u p p o r t  bend ing  stresses, w i t h o u t  f a i l u r e ,  i n  e x c e s s  

o f  t h o s e  c a l c u l a t e d .  



F i g u r e  2 4  i s  a pho tomic rograph  o f  t h e  g r a d e d  

c o a t i n g  a s  a p p l i e d  t o  t h e  e x c e s s  l e n g t h  o f  t h e  

o r i g i n a l  mandre l .  F i g u r e  2 5  is  an e n l a r g e m e n t  o f  t h e  

g r a d e d  c o a t i n g  - e l e c t r o f o r m e d  n i c k e l  r i b  i n t e r f a c e .  

F i g u r e  26 snows a  view o f  a  s e c t i o n e d  u n i t  a f t e r  hy- 

d r a u l i c  t e s t i n g .  The I . D .  o f  t h e  u n i t  i s  s t i l l  c i r -  

c u l a r  and no permanent  d e f o r m a t i o n  h a s  been  found.  

The c o a t i n g  i s  i n t a c t  and  w i t h o u t  s i g n s  o f  c r a c k i n g .  

The r e s u l t s  o f  t h e  t e s t  program conduc ted  on  

t h e  r e f r a c t o r y  c o a t e d  l i n e r s  c l e a r l y  i n d i c a t e  t h a t  

t o e  method o f  f a b r i c a t i o n  i s  f e a s i b l e  and r e s u l t s  i n  

a d h e r e n t  n i c k e l - c e r a m i c  i n t e r f  aces. The s t r u c t u r e  h a s  

been  shown t o  D e  c a p a b l e  o f  s u p p o r t i n g  stresses f a r  i n  

e x c e s s  o f  t a o s e  a n t i c i p a t e d .  

F. Wire Nrap R e i n f o r c e d  S h e l l .  

The a l l  e l e c t r o f o r m e d  n i c k e l  s h e l l  which was t o  

be  u s e d  f o r  compar ison  o f  t h e  r e i n f o r c e d  s h e l l  b u r s t  

a t  an  i n t e r n a l  p r e s s u r e  o f  2400 p s i .  T h i s  l o a d i n g  

c o r r e s p o n d s  t o  a  c i r c u m f e r e n t i a l  stress o f  103 ,000  p s i  

which i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  u l t i m a t e  s t r e n g t h  

o f  Camin e l e c t r o f o r m e d  n i c k e l .  The f i r s t  r e i n f o r c e d  

n i c k e l  s h e l l  b u r s t  a t  an i n t e r n a l  p r e s s u r e  o f  3100 ? s i ,  



a 30% i n c r e a s e .  The second r e i n f o r c e d  shell developed 

a  l eak  a t  the weld a t  an i n t e r n a l  p r e s s u r e  of 1450 p s i .  

From t h e  r e s u l t s  of t h e  tests, it can be concluded 

t h a t  t h e  method of f a b r i c a t i o n ,  which i n c o r p o r a t e s  

i n t e rmed ia t e  winding of high s t r e n g t h  r ibbon  i n  e l e c -  

troformed s h e l l s ,  i s  f e a s i b l e ,  and t h a t  an i n c r e a s e  

i n  t h e  b u r s t i n g  s t r e n g t h  of t h e  s h e l l  is  o b t a i n a b l e .  

G. TD Nickel  L ine r s  

The cool ing  passages  of  two u n i t s  w e r e  p r e s su r -  

i z e d  t o  3000 p s i  wi thout  deformat ion o r  d e s t r u c t i o n  

o f  t h e  u n i t s .  A t  t h i s  p r e s s u r e ,  Equation 4 of Appendix 

A y i e l d s  an i n n e r  w a l l  bending stress of 45000 p s i  

which corresponds t o  t h e  . 2 %  y i e l d  s t r e n g t h  of TD 

n i c k e l  s h e e t .  J u s t  beyond t h i s  p re s su re  permanent 

deformat ion of t h e  i n n e r  w a l l  between c o o l a n t  

passages  was observed and t h e  t e s t s  were h a l t e d .  

The e x c e l l e n t  r e s u l t s  ob ta ined  wi th  t h e  TD 

n i c k e l  r i bbed  specimens and t h e  unique method o f  

o b t a i n i n g  t h e  l i n e r  (e lect roformed r i b  r e p l a c i n g  a  

weld) i n d i c a t e  a d d i t i o n a l  e f f o r t  w i t h  t h i s  m a t e r i a l  

i s  worthwhile.  



V I I I .  9ESIGN OF SPOOL PIECES 

The i n v e s t i g a t i o n  of advancsd e l e c t r o f o r m i n g  

t e c h n i q u e s  f o r  f a b r i c a t i o n  of  r e g e n e r a t i v e l y  coo led  

t h r u s t  chambers i n c l u d e s  t h e  d e s i g n  and p r o d u c t i o n  

of  two s p o o l  p i e c e s .  A f t e r  r ev iewing  t h e  r e s u l t s  o f  

t h e  t e s t  program conducted on t h e  c y l i n d r i c a l  r i b b e d  

t e s t  specimens ,  i t  was d e c i d e d  t o  f a b r i c a t e  one u n i t  

c o n t a i n i n g  a  H a s t e l l o y  X l i n e r  and a  second u n i t  con- 

t a i n i n g  a  g raded  sp rayed  r e f r a c t o r y  c o a t i n g .  I t  was 

f e l t  t h a t  t h e s e  c o n f i g u r a t i o n s  c o u l d  be  most r e l i a b l y  

f a b r i c a t e d  and would o f f e r  t h e  p o s s i b i l i t y  of  a p p l i -  

c a t i o n ,  i f  s u c c e s s f u l ,  t o  v a r i o u s  a r e a s  o f  NASA en- 

d e a v o r s .  

The s p o o l  p i e c e s  a r e  t o  b e  12 i n c h e s  l o n g  w i t h  

a  10.77 i n c h  i n t e r n a l  d i a m e t e r .  The p r o p e l l a n t  com- 

b i n a t i o n  i s  hydrogen and oxygen a t  a  chamber p r e s s u r e  

of  5 0 0  p s i a .  The d e s i g n  a n a l y s i s  i s  p r e s e n t e d  a s  

Appendix B of  t h i s  r e p o r t .  
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I X .  FABRICATION AND EVALUATION OF SPOOL PIECES 

Upon r e c e i p t  of approval of t h e  spool p iece  des igns  

d e t a i l e d  i n  Appendix B of t h i s  r e p o r t  f a b r i c a t i o n  of 

one Hastel loy X l i n e d  u n i t  and one graded coat ing  

u n i t  was i n i t i a t e d .  Both u n i t s  a r e  10.77 inch I . D .  

by 1 2  inches long. The Hastel loy X inne r  wal l  is  .018 

h&es fliXck and i s  a t tached t o  t h e  .250 inch o u t e r  

n i c k e l  s h e l l  by 180 equal ly  spaced .040 inch wide by 

.060 inch  high electroformed n icke l  r i b s .  The coated 

u n i t  conta ins  an inner  wal l  of .008 inches of graded 

z i rcon ia  coat ing  and .030 inches of electroformed 

n icke l .  This i s  a t tached t o  t h e  .250 inch o u t e r  s h e l l  

v i a  120 equa l ly  spaced .040 inch wide by .060 inch 

high electroformed n ickel  r i b s .  Assembly drawings of 

t h e  two u n i t s  a r e  shwm in Figures  27 and 28. 

Coated Spool Piece 

A s t e e l  mandrel was f a b r i c a t e d  and .020 inches 

of copper was deposi ted.  This was machined t o  a  

diameter of 10.770 inches .  The copper p la t ed  mandrel 

was then  coated by t h e  Mater ia ls  Systems Divis ion of 

Union Carbide Corporation with .002 inches of z i r c o n i a ,  

.0015 inches of 90% z i rcon ia  - 10% nichrome, .0015 

inches of 70% zi rconia  - 30% nichrome and .002 inches 



of plasma sprayed n i c k e l .  Tes t  pane l s  were a t t ached  

t o  t h e  mandrel and s imul taneously  sprayed.  These were 

photomicrographical ly  examined f o r  adhesion between 

l a y e r s  and p o r o s i t y  and found t o  be s a t i s f a c t o r y .  

Upon r e c e i p t  of  t h e  u n i t  by Camin Labora to r i e s  t h e  

u n i t  appeared as i n  F igu re  1 6 .  A s i n g l e  d e p o s i t  of 

e lec t roformed n i c k e l  was app l i ed  t o  a  t o t a l  t h i c k n e s s  

i n  excess  of . l o0  inches .  A t u r n i n g  o p e r a t i o n  achieved 

a  uniform n i c k e l  t h i ckness  equa l  t o  t h e  n i c k e l  i n n e r  

w a l l  and r i b  h e i g h t  o r  .090 inches .  The cool ing  

passage c o n f i g u r a t i o n  was then m i l l e d  i n t o  t h e  e l e c t r o -  

formed n i c k e l .  This c o n s i s t s  of 120 e q u a l l y  spaced,  

. 2 4 4  i nch  wide by .060 inch  deep s l o t s .  The l o n g i t u -  

d i n a l  r i b s  t h a t  remain a r e  t h e r e f o r e  .040 inches  wide. 

The s l o t  l e n g t h  i s  11.750 inches  s o  t h a t  a  .125 inch  

wide c i r c u m f e r e n t i a l  r i b  remains a t  bo th  ends o f  t h e  

spool  p i e c e .  A t  t h i s  p o i n t  t h e  u n i t  would appear a s  

i n  F igu re  13. The coo l ing  passages  a r e  f i l l e d  w i t h  

wax and s u f f i c i e n t  n i c k e l  i s  e lec t roformed and then  

machined t o  form a  .250 inch  t h i c k  o u t e r  j a c k e t .  Pre-  

machined s t a i n l e s s  s t e e l  mani fo ld / f langes  were t h e n  

e l e c t r o n  beam welded a t  bo th  ends  of t h e  spool  p i e c e  a f t e r  

t h e  wax was removed from t h e  coo l ing  passage.  This  i s  

accomplished by p l ac ing  t h e  u n i t  i n  an oven a t  250° F  t o  



m e l t  t h e  wax and then  f l u s h i n g  t h e  cool ing  passages  

w i t h  methyl e n t h y l  ketone.  The s teel  mandrel' i s  

e x t r a c t e d  and t h e  copper which remains on t h e  I.D. 

of t h e  coa t ing  i s  d i s s o l v e d  i n  n i t r i c  a c i d .  

The coo l ing  passages  were s u c c e s s f u l l y  hydro- 

s t a t i c a l l y  t e s t e d  t o  750 p s i a  and helium l e a k  t e s t e d  

a t  50 p s i .  The u n i t  was t hen  shipped t o  Lewis Research 

Center  f o r  h o t - f i r i n g  eva lua t ion .  Two t e n  second 

tests were conducted wi th  Hydrogen and Oxygen a s  t h e  

p r o p e l l a n t s  a t  an O/F r a t i o  o f  4.5. The f i r s t  t e s t  

was conducted a t  a  chamber p r e s s u r e  of 300 p s i a  and 

t h r u s t  l e v e l  o f  19,000 l b f .  whi le  t h e  second tes t  was 

a t  500 p s i a  and 30,000 l b f .  t h r u s t .  The cool ing  wate r  

flow r a t e  was 65 lbm/sec a t  a  nominal p re s su re  drop  

of 350 p s i  through t h e  cool ing  passages .  This  d a t a  y i e l d s  

a  f r i c t i o n  f a c t o r  f o r  t h e  c o o l a n t  channels  of .014. The 

.design c a l c u l a t i o n s  (Appendix B )  employed an assumed 

f r i c t i o n  f a c t o r  of .013. Measured h e a t  f l u x e s  were 3  

and 4 . 8  BTU/sec, s q .  i n .  f o r  runs  1 and 2 r e s p e c t i v e l y .  

Pos t  f i r i n g  examination of t h e  spool  p i ece  showed no 

d e l e t e r i o u s  effects .  The c o a t i n g  shows no s i g n s  of 

cracking o r  s p a l l i n g .  



Hastelloy-X Spool P iece  

The l i n e r  f o r  t h e  Has t e l l oy  X spool  p i e c e  was 

f a b r i c a t e d  by r o l l i n g  Has te l loy  X s h e e t  on a  mandrel and 

forming a c y l i n d e r  w i th  a  l o n g i t u d i n a l  e l e c t r o n  beam 

weld a s  i n  F igure  10 .  The s h e l l  was i n spec t ed  and 

found t o  be w i th in  t o l e r a n c e s .  The o u t e r  s u r f a c e  of 

t h e  Has te l loy  X was s andb la s t ed  i n  o r d e r  t o  o b t a i n  a  

roughened s u r f a c e  f o r  a p p l i c a t i o n  of t h e  sprayed 

v i n y l  which must subsequent ly  be  machined. In spec t ion  

of t h e  u n i t  a f t e r  a p p l i c a t i o n  of t h e  f i l l e r  m a t e r i a l  

i n d i c a t e d  t h a t  t h e  l i n e r  was no longe r  adher ing  t o  t h e  

mandrel and t h a t  t h e  .018 inch  t h i c k  Has t e l l oy  X s h e l l  

had expanded i n  some a r e a s  and was o u t  o f  round.  This  

deformat ion was a t t r i b u t e d  t o  t h e  s a n d b l a s t i n g  opera-  

t i o n .  A second l i n e r  was f a b r i c a t e d  and t h e  s u r f a c e  

was roughened by hand f o r  adhesion of t h e  v i n y l .  

A f t e r  t h e  v i n y l  was a p p l i e d  t h e  u n i t  was i n spec t ed  

and found t o  be s a t i s f a c t o r y .  The f i l l e r  was machined 

t o  an O . D .  of  10.960 inches  ( s l i g h t l y  i n  excess  of t h e  

r i b  h e i g h t )  and excess  f i l l e r  was removed from t h e  

l i n e r  beyond t h e  cu to f f  p o i n t s .  A s e r i e s  of  180 

e q u a l l y  spaced . 0 4 0  inch  wide grooves were c u t  i n  t h e  

v i n y l  exposing t h e  Has t e l l oy  X a t  t h e  bottom of  each 

groove,  F igu re  29. Nickel  was then  e lec t roformed on 



a l l  exposed Has te l loy  X s u r f a c e s ,  t h u s  forming t h e  coo l ing  

passage r i b s  and c i r c u m f e r e n t i a l  bands a t  e i t h e r  end. 

A t u rn ing  o p e r a t i o n  achieved t h e  e x a c t  r i b  h e i g h t  

dimension and t h e  v i n y l  was removed, FJgure 30. The 

coo l ing  passages  w e r e  f i l l e d  w i th  wax and t h e  o u t e r  

j a c k e t  was e lec t roformed and machined, F igu re  31. 

A f t e r  t h e  wax and mandrel was removed t h e  f l a n g e s  were 

e l e c t r o n  beam welded t o  t h e  spoo l  p i e c e  and success-  

f u l l y  sub jec t ed  t o  h y d r o s t a t i c  and helium l e a k  tests.  

The completed Has te l loy  X spool  p i e c e  i s  shown i n  F igu re  

32 and t h e  coa ted  spool  p i e c e  i s  shown i n  F igu re  33. 

The completed Has t e l l oy  X spool  p i e c e  was shipped 

t o  Lewis Research Center  and sub jec t ed  t o  t h r e e  h o t  

f i r i n g s  wi th  Hydrogen/Oxygen p r o p e l l a n t s .  T e s t  num- 

ber  one had a  d u r a t i o n  of 5 seconds a t  a  chamber 

p r e s s u r e  o f  300 p s i a ,  t h r u s t  l e v e l  of  19,000 l b f  and 

O/F r a t i o  of 5.8. The cool ing  wate r  f low r a t e  was 

60 lbm/sec wi th  a  temperature  r i s e  of 38O F. T e s t s  

number 2 and 3  were a t  500 p s i a  and 30,000 l b f  t h r u s t .  

T e s t  number 2 l a s t e d  5  seconds a t  an  O/F r a t i o  of 4.5 

and a  c a l c u l a t e d  average h e a t  f l u x  of 6.6 BTU/sec.-sq. 

i n .  T e s t  number 3  l a s t e d  1 0  seconds a t  an O / F  r a t i o  

of 5 .5  and a  c a l c u l a t e d  h e a t  f l u x  of 8 . 8  BTU/sec.-sq.in. 



Pos t  f i r i n g  examination showed a  s l i g h t  d i s c o l o r a t i o n  

i n  t h e  Has t e l l oy  X l i n e r .  Subsequent s t r u c t u r a l  and 

dimensional  i n s p e c t i o n  i n d i c a t e d  no adverse  e f f e c t s  

from t h e  f i r i n g .  



X .  FABRICATION AND EVALUATION OF CHAMBER SEGMENTS 

One phase of t h e  p r e s e n t  program was t h e  demonstra- 

t i o n  t h a t  t h e  processes  used t o  f a b r i c a t e  spool  p i e c e s  

could be a p p l i e d  t o  t h e  f a b r i c a t i o n  of contoured 

t h r u s t  chambers. A t h r u s t  chamber c o n f i g u r a t i o n  

was provided by t h e  NASA p r o j e c t  eng inee r ,  F igure  3 4 .  

The Has t e l l oy  segment was t o  c o n t a i n  a  c o n s t a n t  t h i c k -  

ness  l i n e r  of . 0 4 0  i nches  wh i l e  t h e  coa ted  l i n e r  i n n e r  

w a l l  would c o n s i s t  of .008 inches  of coa t ing  and . 0 6 0  

inches  of e lec t roformed n i c k e l .  The cool ing  passage 

c o n f i g u r a t i o n  would c o n t a i n  b i f u r c a t e d  r i b s .  Between 

s t a t i o n s  1 and 5 and between s t a t i o n s  1 0  and 15 t h e r e  

would be a . 0 4 0  inch  wide by . l o 0  i nch  h igh  r i b  every  

3 O .  However, i n  t h e  t h r o a t  r eg ion  between s t a t i o n s  5 

and 8 ,  every  o t h e r  r i b  would be e l imina t ed .  The o u t e r  

j acke t  would be a s h e l l  o f  e lec t roformed n i c k e l ,  . 2 0 0  

i nches  t h i c k .  I n  o rde r  t o  o b t a i n  t h r e e  segments from 

each chamber f o r  subsequent t e s t i n g  an  e x t r a  wide 

r i b  would be f a b r i c a t e d  every 1 2 0  deg rees .  A f t e r  

f a b r i c a t i o n  of t h e  f u l l  360 degree  segment t h e  u n i t  

could then  be  s l i c e d  a long each wide r i b  t o  o b t a i n  

t h r e e  segments. 



The l i n e r  f o r  t h e  H a s t e l l o y  X segment was spun 

on a  mandre l  and i s  shown i n  F i g u r e  35. 

The c o a t e d  segment mandre l  was machined from 

aluminum and p l a t e d  w i t h  copper .  The O . D .  o f  t h e  

copper was c o n t o u r  t u r n e d  t o  a c h i e v e  t h e  r e q u i r e d  

segment I . D .  The plasma sp rayed  c o a t i n g  was t h e n  d e p o s i t e d  

on t h e  mandre l  fo l lowed  by t h e  e l e c t r o f o r m e d  n i c k e l  

i n n e r  w a l l .  The remain ing  p rocedures  f o r  b o t h  segments  

a r e  i d e n t i c a l .  The i n n e r  w a l l  s u r f a c e  was roughened 

and s p r a y  c o a t e d  w i t h  v i n y l .  The v i n y l  was c o n t o u r  

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

Contour m i l l i n g  t h e  v i n y l ,  t h e n  formed t h e  g rooves  i n  

t h e  v i n y l  which were s u b s e q u e n t l y  f i l l e d  w i t h  e l e c t r o -  

formed n i c k e l  t o  c r e a t e  t h e  i n t e g r a l  r i b  sys tem.  

F i g u r e  36 shows t h e  chamber segment a f t e r  v i n y l  

machining and p r i o r  t o  r i b  d e p o s i t i o n .  F i g u r e  3 7  

shows t h e  c o o l i n g  p a s s a g e / r i b  c o n f i g u r a t i o n  a f t e r  t h e  

v i n y l  was removed. P r i o r  t o  e l e c t r o f o r m i n g  t h e  o u t e r  

j a c k e t ,  t h e  v i n y l  was r e p l a c e d  w i t h  wax. A f t e r  s u f f i -  

c i e n t  n i c k e l  was d e p o s i t e d  t h e  p a r t  was c o n t o u r  t u r n e d  

t o  a c h i e v e  t h e  n e c e s s a r y  O . D .  p r o f i l e .  The mandre l s  

w e r e  removed, t h e  wax was m e l t e d ,  t h e  c o o l i n g  p a s s a g e s  

were f l u s h e d  w i t h  methyl  e t h y l  k e t o n e  and t h e  m a n i f o l d s  

were welded i n  p l a c e .  A completed t h r u s t  chamber, p r i o r  

t o  segment ing  i s  shown i n  F i g u r e  38 .  



The u n i t  shown i n  F igu re  37 c o n t a i n s  a  coated 

l i n e r .  This  u n i t  was h y d r o s t a t i c a l l y  t e s t e d  t o  700 

p s i  and shipped t o  NASA Lewis Research Center  f o r  

segmenting and f u r t h e r  e v a l u a t i o n .  

The Has te l loy  X segment has n o t  been completed. 

A f t e r  t h e  r i b s  were depos i t ed  and p r i o r  t o  e l e c t r o -  

forming t h e  o u t e r  j a c k e t ,  t h e  t o p  of t h e  r i b s  a r e  contour  

machined t o  remove any e lec t roformed n i c k e l  nodule growth. 

During t h i s  l a t t e r  o p e r a t i o n  t h e  r i b s  l i f t e d  from t h e  

Has t e l l oy  X l i n e r  over  approximately 50% of  t h e  u n i t .  

The r i b s  could have been s t r i p p e d  from t h e  l i n e r  and v i n y l  

r e a p p l i e d  t o  r e p e a t  t h e  r i b  growth c y c l e .  However, a  

d e c i s i o n  was made by NASA n o t  t o  expend any f u r t h e r  e f f o r t  

on t h i s  u n i t  s i n c e  t h e  coated u n i t  demonstrated t h e  

a b i l i t y  t o  e l ec t ro fo rm a  complex contoured r ibbed  spec i -  

men. Furthermore,  t h e  succes s  of t h e  Has t e l l oy  X spool  

p i e c e  demonstrated t h e  f e a s i b i l i t y  of  d e p o s i t i n g  e l e c t r o -  

formed n i c k e l  r i b s  on a  Has te l loy  X l i n e r .  I n  a d d i t i o n ,  

funding was l i m i t e d .  



X I .  RESULTS AND RECOMMENDATIONS 

The i n t e n t  of t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  

deve lop  advance e l ec t ro fo rming  techniques  f o r  t h e  

f a b r i c a t i o n  of r e g e n e r a t i v e l y  cooled t h r u s t  chambers. 

The s e v e r a l  concepts  t h a t  were i n v e s t i g a t e d  inc lude :  

A .  The u s e  of pre-machined l i n e r s  of Has t e l l oy  X ,  

Incone l  718, and T . D .  Nickel .  

These l i n e r s  a r e  supported by e lec t roformed n i c k e l  

r i b s  and o u t e r  j a c k e t s .  Techniques were developed f o r  

t h e  adheren t  d e p o s i t i o n  of e lec t roformed n i c k e l .  Pre-  

l imina ry  t e n s i l e  specimens i n d i c a t e d  u l t i m a t e  bond 

s t r e n g t h s  a s  s t r o n g  a s  t h e  p a r e n t  m e t a l s .  P ro to type  

t h r u s t  chambers were f a b r i c a t e d  and sub jec t ed  t o  

helium l e a k  and h y d r o s t a t i c  b u r s t  tes ts .  The premature 

f a i l u r e  of t h e  Incone l  718 u n i t s  sugges t s  t h e  need f o r  

f u r t h e r  i n v e s t i g a t i o n  of t h e  e l ec t rochemica l  a c t i v a t i o n  

c y c l e  a s s o c i a t e d  w i t h  Incone l  718. I t  i s  recommended t h a t  

t h e  u s e  o f  u l t r a s o n i c  a g i t a t i o n  be i n v e s t i g a t e d  a s  a  

method o f  removing t h e  gas  bubbles formed a t  t h e  Incone l  

s u r f a c e  du r ing  a c t i v a t i o n  procedures .  

The Has te l loy  X l i n e d  u n i t s  met des ign  c r i t e r i a .  

I t  w a s  t h e r e f o r e  recommended t h a t  one of  t h e  f u l l  scale 



spool  p i e c e s  be f a b r i c a t e d  wi th  a  Has t e l l oy  X l i n e r  

and e lec t roformed n i c k e l  r i b s  and o u t e r  j a c k e t .  

The TD n i c k e l  i n n e r  w a l l  u n i t s  were f a b r i c a t e d  

by r o l l i n g  and clamping TD n i c k e l  s h e e t  on a mandrel 

and e lec t roforming  a  n i c k e l  r i b  d i r e c t l y  over  t h e  

seam, t h u s  e l i m i n a t i n g  t h e  need t o  weld t h e  i nne r  

l i n e r .  During h y d r o s t a t i c  t e s t i n g  of t h e  pro to-  

t y p e  chambers, permanent deformat ion of t h e  i n n e r  

w a l l  between a d j a c e n t  coo l ing  passage r i b s  was 

observed a t  a  load ing  corresponding t o  an i n n e r  

w a l l  bending s t r e s s  of 4 5 , 0 0 0  p s i .  This  corresponds 

t o  t h e  . 2 %  y i e l d  s t r e n g t h  of  TD n i c k e l ,  

The e x c e l l e n t  r e s u l t s  ob t a ined  wi th  t h e  TD 

n i c k e l  r ibbed  specimens and t h e  unique method of  

o b t a i n i n g  t h e  l i n e r  (e lec t roformed r i b  r e p l a c i n g  

a  weld) i n d i c a t e  a d d i t i o n a l  e f f o r t  w i th  t h i s  m a t e r i a l  

i s  worthwhile.  I n  p a r t i c u l a r ,  f a b r i c a t i o n  of  a  

t h r u s t  chamber o r  spool  p i e c e  f o r  h o t  f i r i n g  evalu-  

a t i o n  i s  recommended. 

B .  The u s e  of l i n e r s  made by wrapping a  con t in -  

uous l e n g t h  of Incone l  718 wire  on a  mandrel .  



These l i n e r s  a r e  enveloped w i t h  a  ,010 

t h i c k  s h e l l  of  e lec t roformed n i c k e l  i n  o r d e r  t o  

s e a l  t h e  coo l ing  passages from t h e  chamber. 

Elect roformed n i c k e l  r i b s  and o u t e r  j a c k e t  

complete t h e  u n i t .  The p ro to type  t h r u s t  chambers 

passed t h e  helium l e a k  tes t .  During h y d r o s t a t i c  

t e s t i n g  a  l e a k  developed a t  500 p s i  i n  t h e  end 

f a c e .  The l e a k  was r e p a i r e d  by e l ec t ro fo rming  

a  .03OUthick d e p o s i t  of  n i c k e l  on t h e  end f a c e .  

Subsequent h y d r o s t a t i c  tests  met des ign  e s t i m a t e s ,  

r e s u l t i n g  i n  buckl ing of t h e  u n i t  a t  1 1 0 0  p s i  

c o o l a n t  passage p r e s s u r e .  Recommendations f o r  

m o d i f i c a t i o n s  t o  t h e  method of f a b r i c a t i o n  of 

t h e s e  p a r t s  a r e  included i n  Sec t ions  V I  and V I I  

of t h i s  r e p o r t .  

C .  The use  of sprayed r e f r a c t o r y  c o a t i n g s .  

The b a s i c  concept  t h a t  was developed t o  f r u i t i o n  

involved t h e  spray ing  of  a  r e f r a c t o r y  coa t ing  on  a 

mandrel ,  e l ec t ro fo rming  a n i c k e l  i n t e g r a l  r i b  cool ing  



passage  sys tem i n t o  t h e  r e f r a c t o r y  and subsequen t  

removal o f  t h e  mandre l  f o r  r e u s e .  Pure  z i r c o n i a  

and g raded  c o a t i n g s  of  v a r y i n g  p e r c e n t a g e s  o f  z i r c o n i a -  

nichrome were i n v e s t i g a t e d .  

The mandre l  removal t e c h n i q u e  developed c o n s i s t s  

o f  f a b r i c a t i n g  a  hardened s t e e l  mandre l  s l i g h t l y  under-  

s i z e d  and a p p l y i n g  a  non-adherent  c o a t i n g  of  e l e c t r o -  

d e p o s i t e d  copper .  The plasma s p r a y  c o a t i n g  i s  a p p l i e d  

t o  t h e  copper  and s u b s e q u e n t l y  backed w i t h  t h e  e l e c t r o -  

formed n i c k e l  s t r u c t u r e .  Upon comple t ion ,  t h e  c o p p e r ,  

plasma s p r a y  c o a t i n g ,  e l e c t r o f o r m e d  n i c k e l  s t r u c t u r e  i s  

s t r i p p e d  from t h e  s t e e l  mandrel  and t h e  copper  i s  sub- 

s e q u e n t l y  removed from t h e  plasma c o a t i n g  by d i s s o l v i n g  it 

i n  n i t r i c  a c i d .  

Techniques w e r e  developed f o r  e n s u r i n g  t h e  ad- 

he rence  o f  t h e  e l e c t r o f o r m e d  n i c k e l  t o  t h e  plasma s p r a y  

c o a t i n g  i n  t h e  i n s t a n c e s  when t h e  s p r a y e d  c o a t i n g  i s  non- 

c o n d u c t i v e .  The non-conduct ive  c o a t i n g  was r e n d e r e d  

c o n d u c t i v e  w i t h  t h e  u s e  of e i t h e r  a n  e l e c t r o l e s s  n i c k e l  

o r  plasma s p r a y e d  n i c k e l  c o a t i n g .  Photomicrographs of 

t h e  c o a t i n g - e l e c t r o f o r m e d  n i c k e l  i n t e r f a c e  i n d i c a t e  

t h a t  t h e  j o i n t  i s  f r e e  of v o i d s  and c o n s i s t s  o f  an  



i n t e r l a c i n g  of t h e  e lec t r s formed meta l  and sprayed re- 

f r a c t o r y .  

Seve ra l  p ro to type  c y l i n d r i c a l - r i b b e d  chambers 

w e r e  f a b r i c a t e d .  Two u n i t s  were p r e s s u r i z e d  t o  6500 

p s i  and a  t h i r d  u n i t  t o  14,000 p s i .  I n  a l l  t h r e e  

c a s e s ,  t h e  t e s t s  were h a l t e d  a s  a  r e s u l t  of f a i l u r e  

of t h e  weldment of t h e  manifold t o  t h e  o u t e r  j acke t .  

The c o a t i n g  remained i n t a c t  and f r e e  of  c racks .  

I t  was o r i g i n a l l y  es t imated  t h a t  t h e  c o a t i n g s  

would crack when t h e  coo lan t  passage p r e s s u r e  reached 

1500 p s i .  This  f i g u r e  was a r r i v e d  a t  by assuming t h e  

c o a t i n g  o f f e r e d  no suppor t  t o  t h e  n i c k e l  l i n e r  and 

t h a t  i t  would c rack  when t h e  bending stress i n  t h e  

n i c k e l  reached t h e  f l e x u r a l  s t r e n g t h  of  t h e  c o a t i n g  

(21,000 p s i ) .  This  i s  obviously extremely conserva t ive .  

A t  1 4 , 0 0 0  p s i  c o o l a n t  passage p r e s s u r e ,  t h e  bending 

stress i n  t h e  n i c k e l  l i n e r  (neg lec t ing  t h e  presence  of 

t h e  coa t ing )  i s  118,000 p s i  which i s  i n  excess  of t h e  

y i e l d  s t r e n g t h  of t h e  e lect roformed n i c k e l .  However, 

c r o s s  s e c t i o n s  of t h e  t e s t  u n i t  i n d i c a t e  no permanent 

deformation.  I f  t h e  c o a t i n g  th i ckness  i s  inc luded  i n  

t h e  c a l c u l a t i o n  of i n n e r  w a l l  bending stress t h e  l a t t e r  



f i g u r e  becomes 7 0 , 0 0 0  p s i .  I t  i s  suggested t h e r e f o r e  

t h a t  t h e  manner i n  which t h e  e lec t roformed n i c k e l  

bonds t o  t h e  coa t ing  r e s u l t s  i n  a  l i n e r  i n  which t h e  

plasma coa t ing  and e lect roformed n i c k e l  o f f e r  mutual 

suppor t  . 

A s  a  r e s u l t  of  t h e  e x c e l l e n t  r e s u l t s  and t h e  

many a r e a s  of  a p p l i c a t i o n  f o r  t h i s  f a b r i c a t i o n  technique ,  

it was recommended t h a t  a  f u l l  s c a l e  spool  p i e c e  be fab-  

r i c a t e d  con ta in ing  a  graded coa t ing  l i n e r  and e l e c t r o -  

formed n i c k e l  i n t e g r a l  coo l ing  passage system. Addi- 

t i o n a l  l a b o r a t o r y  s c a l e  i n v e s t i g a t i o n s  w i th  o t h e r  

sprayed r e f r a c t o r i e s  a r e  a l s o  recommended. 

D.  The use  of  h igh  s t r e n g t h  wi re  t o  r e i n f o r c e  an 

e lec t roformed n i c k e l  s h e l l .  

Techniques were developed f o r  encapsu la t ing  

in t e rmed ia t e  windings o f  w i r e  i n  an e lec t roformed s h e l l .  

Photomicrographic i n v e s t i g a t i o n  showed t h a t  t h e  i n t e r -  

f a c e  between windings and e lect roformed meta l  was f r e e  

of vo ids .  A r e in fo rced  s h e l l  b u r s t  a t  an i n t e r n a l  

p r e s s u r e  30% g r e a t e r  than  t h a t  of an equa l  t h i c k n e s s  

unre inforced  s h e l l .  While t h i s  technique appears  t o  

o f f e r  promise no f u r t h e r  i n v e s t i g a t i o n s  dur ing  t h e  



p r e s e n t  program a r e  con templa ted .  F u t u r e  programs 

might  i n v e s t i g a t e  t h e  e f f e c t  o f  w i r e  c r o s s  s e c t i o n ,  

b o t h  from a  p o i n t  of  v iew of e l e c t r o f o r m i n g  i m p l i c a -  

t i o n s  and s t r e n g t h  c o n s i d e r a t i o n s .  I n  a d d i t i o n ,  

improved wrapping t e c h n i q u e s ,  p o s s i b l y  i n c l u d i n g  

s imul taneous  winding and e l e c t r o f o r m i n g ,  s h o u l d  

be examined. 

E .  Des ign,  F a b r i c a t i o n  and E v a l u a t i o n  of Spool  P i e c e s  

Using t h e  p r o c e d u r e s  developed d u r i n g  Task I 

of  t h i s  i n v e s t i g a t i o n ,  two f u l l  s c a l e  s p o o l  p i e c e s  were 

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

The u n i t s  w e r e  des igned  f o r  u s e  w i t h  hydrogen and 

oxygen a t  a  chamber p r e s s u r e  o f  500 p s i a  and 30,000 

l b f .  t h r u s t .  One u n i t  was f a b r i c a t e d  w i t h  a  H a s t e l l o y  

X i n n e r  w a l l  w h i l e  t h e  second u n i t  c o n t a i n e d  a  

g raded  zirconia-nichrome-electroformed n i c k e l  i n n e r  

w a l l .  Both u n i t s  c o n t a i n e d  t h e  Camin i n t e g r a l  r i b -  

c o o l i n g  p a s s a g e  c o n f i g u r a t i o n .  T e s t s  were conducted  

a t  NASA-Lewis Research C e n t e r  a t  t h e  d e s i g n  p r e s s u r e  

and t h r u s t  l e v e l  u s i n g  w a t e r  a s  t h e  c o o l a n t .  Examin- 

i n a t i o n  of  t h e  chambers a t  t h e  end o f  t h e  t e s t  

program showed no d e l e t e r i o u s  e f f e c t s .  The H a s t e l l o y  

X was s l i g h t l y  d i s c o l o r e d  b u t  i s  s t r u c t u r a l l y  and 



dimens iona l ly  sound. The c o a t i n g  showed no s i g n s  of 

c r ack ing  o r  s p a l l i n g .  

The e x c e l l e n t  r e s u l t s  ob t a ined  w i t h  t h e  spool  

p i e c e s  under a c t u a l  f i r i n g  c o n d i t i o n s  d e f i n i t i v e l y  

proves  t h e  m e r i t s  of t h e  f a b r i c a t i o n  process .  I t  

i s  recommended t h a t  t h e  u n i t s  d e l i v e r e d  t o  NASA Lewis 

Research Center  be  eva lua ted  f u r t h e r  u s ing  hydrogen 

a s  t h e  c o o l a n t .  

F . Design,  F a b r i c a t i o n  and Eva lua t ion  of Chamber 

Segments. 

The m a t e r i a l  con f igu ra t ions  u t i l i z e d  f o r  spool  

p i e c e  f a b r i c a t i o n  were a l s o  s e l e c t e d  f o r  f a b r i c a t i o n  

of contoured t h r u s t  chamber segments. The primary 

purpose of t h i s  phase of t h e  i n v e s t i g a t i o n  was t h e  

demonstra t ion of t h e  a b i l i t y  of t h e  process  t o  f a b r i -  

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

The b a s i c  c o n f i g u r a t i o n  supp l i ed  by t h e  NASA Program 

Manager conta ined  b i f u r c a t e d  r i b s .  

Cons t ruc t ion  of a  Has t e l l oy  X l i n e d  u n i t  was 

i n i t i a t e d  and continued t o  a  p o i n t  where t h e  e l e c t r o -  

formed n i c k e l  r i b s  were depos i t ed .  A t  t h a t  t ime,  a  

machining o p e r a t i o n  on t h e  t o p  of t h e  r i b s  i n d i c a t e d  

t h a t  adhesion of t h e  n i c k e l  r i b s  t o  t h e  Has te l loy  X 



l i n e r  was o b t a i n e d  o n l y  over  approx imate ly  5 0 %  o f  t h e  

u n i t .  I n  view o f  t h e  s u c c e s s  o f  t h e  H a s t e l l o y  X l i n e d  

c y l i n d r i c a l  r i b b e d  specimen and s p o o l  p i e c e  t h e  p r o -  

blems a s s o c i a t e d  w i t h  t h e  chamber segment were 

a t t r i b u t e d  t o  human e r r o r  d u r i n g  t h e  a c t i v a t i o n  c y c l e  

r a t h e r  t h a n  a fundamenta l  e l e c t r o c h e m i c a l  problem. A 

d e c i s i o n  was made by t h e  NASA Program Manager n o t  t o  

s t r i p  t h e  r i b s  and r e c y c l e  t h e  H a s t e l l o y  X l i n e r .  

The g raded  c o a t i n g  chamber segment was f a b r i -  

c a t e d  i n  accordance  w i t h  t h e  NASA f u r n i s h e d  drawing.  

No problems were encoun te red  d u r i n g  t h e  manufac tu r ing  

sequence .  The c o n t o u r e d  segments  s u c c e s s f u l l y  

passed  h y d r o s t a t i c  p r e s s u r e  and hel ium l e a k  tests  

and were sh ipped  t o  NASA Lewis Research  Cen te r  f o r  

f u r t h e r  e v a l u a t i o n .  

The g e n e r a l  o b j e c t i v e s  o f  t h e  c o n t r a c t ,  i . e . ,  

t h e  development  and e v a l u a t i o n  o f  advanced e l e c t r o -  

forming t e c h n i q u e s  f o r  f a b r i c a t i o n  of  r e g e n e r a t i v e l y  

coo led  t h r u s t  chambers,  were s u c c e s s f u l l y  accompl ished.  

H a s t e l l o y  X and graded c o a t i n g  i n n e r  w a l l s  were 

s u c c e s s f u l l y  u t i l i z e d  a s  i n n e r  w a l l s  o f  s p o o l  p i e c e s .  

I t  is recommended t h a t  a d d i t i o n a l  m a t e r i a l  c o n f i g u r a -  

t i o n s  be i n v e s t i g a t e d  and t h a t  f u l l  s c a l e  c o n t o u r e d  



t h r u s t  chambers w i t h  graded coa t ing  o r  Has te l loy  X 

i n n e r  walls be f a b r i c a t e d  f o r  r o c k e t  f i r i n g  e v a l u a t i o n s .  
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Figure 5 EF nickel- Electroless Nickel- Zirconia Interface 
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FIGURE 8 WIRE; WRAPPED INNER SHEZL 
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FIGURE 23 FAILURE 



MAGNIFICATION : 200 X 

FIGURE 24. GWDED COATING S LE PHOTOMICROGRAPH 
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FIGURE 25 GRADED COATING - NICKEL R I B  INTERFACE 
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A P P E N D I X  A: D E S I G N  ANALYSIS OF R I B B E D  

TEST SPECIMENS 

The mechanical stresses imposed on the cylindrical 

ribbed specimens are discussed below. The nomenclature 

is noted on the following page. 

The tensile stress in the inner wall under the 

action 5 of a hydrostatic loading in the cooling passage 

is given by (Ref. 5). 

where 

E = Young's Modulus 

t = inner wall thickness 

h = cooling passage width 

v = Poissons ratio 

The parameter u satisfies the relationship 





where q = maximum pressure differential across the 

inner wall. 

The maximum shear stress in the inner wall occurs 

at the rib-wall joint and is given by (Ref. 3), 

The maximum bending stress is obtained from, 

In the case where the chamber pressure, is 

greater than the coolant passage pressure, Pw ' the ribs 

receive a compressive loading. The resultant compressive 

stress is 

where w = rib width. 

If, on the other hand, the coolant passage pressure 

exceeds the chamber pressure, the stress on the ribs 

becomes tensile and is determined by 



The circumferential stress in the inner and 

outer walls of the unit is, 

- 
where r = mean radius of section under consideration 

to = outer wall thickness 

ti = inner wall thickness 

A. Dissimilar Metal Liners. 

Considering first the design of the dissimilar 

metal liners it would be ideal to design these units 

to fail due to tensile stresses at the rib-shell inter- 

face. This would result in further quantitative data 

concerning the strength of the bond between the electro- 

formed rib and the metal liner. However, it will be 

shown by the subsequent calculations, that the geometry 

required to achieve this type failure is not indicative 

of thrust chamber geometry nor practical to fabricate. 

If we assume the following geometry: 

di = inside diameter = 4 inches 

ti = inner wall thickness = . 0 3 0  inches 



N = number of r i b s  = 45 

w = r i b  width  = .040 inches  

d  = r i b  h e i g h t  = .050 inches  

to= o u t e r  s h e l l  t h i ckness  = . I50 inches  

q  = coo l ing  passage p re s su re  = 1500 p s i  

h  = coo l ing  passage width = . 2 4 4  inches  

t h e  fo l lowing  stresses a r e  c a l c u l a t e d :  

o = i n n e r  w a l l  s h e a r  s t r e s s  = 6100 p s i  
; 

a = i n n e r  w a l l  bending s t r e s s  = 49,500 p s i  
bi 

a t = r i b  t e n s i l e  stress = 9150 p s i  
r 

a = c i r c u m f e r e n t i a l  s t r e s s  = 17,600 p s i  
d 

Examination of t h e  t e n s i l e  stress i n  a  r i b  

(Equation 6) shows t h a t  t o  ach ieve  a  stress of 90,000 

p s i  a t  a  c o o l a n t  passage p r e s s u r e  a s  high a s  3000 p s i ,  

t h e  r a t i o  o f  coo lan t  passage width  t o  r i b  width must be  

30. For r i b  widths  a s  smal l  a s  .020" t h e  coo lan t  passage 

width  must be . 6  i nches .  However, a t  t h e s e  cond i t i ons  

t h e  i n n e r  w a l l  t h i ckness  would be  i n  excess  of  . I00 

inches  i n  o r d e r  t o  p revent  t h e  i n n e r  w a l l  from f a i l i n g  

due t o  bending. Examination of t h e  prev ious  equa t ions  

( i n  p a r t i c u l a r  Equations 4 and 6 )  i n d i c a t e s  t h a t  f o r  

r e a l i s t i c  t h r u s t  chamber c o n f i g u r a t i o n s ,  t h e  c r i t i c a l  



s t r e s s  i s  t h a t  due t o  bending of t h e  i n n e r  wal l .  

The above conf igura t ion  was t h e r e f o r e  chosen f o r  

t h e  c y l i n d r i c a l  r ibbed t e s t  specimen. The i n n e r  wa l l  

th ickness ,  r i b  width and cool ing passage width a r e  

i n d i c a t i v e  of r e a l i s t i c  t h r u s t  chamber designs.  

. Sprayed Refractory Coating. 

~ a n u f a c t u r e r b  d a t a  i n d i c a t e s  t h a t  t h e  f l e x u r a l  

s t r e n g t h  of  z i r con ia  i s  21,000 p s i .  Owing t o  t h e  b r i t t l e  

cha rac te r  of t h e  oxide and t h e  uniqueness of t h e  f a b r i -  

c a t i o n  techniques,  t h e  al lowable s t r e s s  was l i m i t e d  t o  

6 0 %  of t h e  bending s t r e n g t h  o r  12,600 p s i .  A non-fa i lure  

c r i t e r i o n  i s  assumed such t h a t  t h e  electroformed n i c k e l  

(bonded t o  t h e  coat ing)  w i l l  no t  allow t h e  bending s t r e s s  

imposed on t h e  coa t ing  t o  exceed t h e  above value when 

t h e  pressure  d i f f e r e n t i a l  across  t h e  i n n e r  wa l l  approaches 

a va lue ,  q = 1500 p s i .  

Solving equat ion 4 f o r  h / t i ,  

The r i b  spacing i s  defined by 

Assuming a value,  di = 4.0 i n . ,  ti = .040 i n .  and 

w = .050 i n . ,  h i s  found t o  be .I64 i n .  and 8 = 6 degrees.  



Therefore, the configuration will contain 60 ribs 

measuring .050 wide by .050 high. 

The total nickel thickness, T, is computed by 

limiting the circumferential stress, 

where t = coating thickness (.012 in.) 

Solving the previous equation for T and imposing o = 
4J 

12600 psi, T = .254 in. If the inner wall (nickel) 

thickness is .040 in. and the rib height is .050 in., 

then the outer jacket thickness is to = .160 in. for 

a pressure differential of 1500 psi. 

C. Wire Wrap Liner. 

In view of the lack of analytical procedures for 

this c o n f i g u ~ w  a simplified design process is used. 

It is assumed that the inner wall is Inconel 600 through- 

out for which the allowable bending stress is 

ub = .6 a = 72,000 psi 
Y-P- 

Solving equation 4 for h at a differential pressure 

of 1500 psi and an inner wall thickness of .040 (.030 

wire wrap and .010 nickel) yields a cooling passage width 

equal to .392 inches assuming a 3.0 inch inside diameter 



and a rib width of .060 in., the rib spacing, equation 

8 is 

Assuming 20 ribs, (8 = 18") and a rib width of .060 in. 

the cooling passage width is recalculated to be .425 in. 

Equation 4 for the bending stress yields a maximum 

allowable differential pressure of 1280 psi. At this 

pressure the following stresses are determined 

a = bending stress in inner wall = 72,000 psi 
bi 

a = shear stress in inner wall = 6800 psi 
'i 

a = tensile stress in rib = 9000 psi 
tr 

a = circumferential stress = 8300 psi f+ 

D. Outer Wall Reinforcement. 

As explained previously, the wire wrapped rein- 

forced shells were fabricated with a total thickness 

equal to that of a pure electroformed nickel shell. 

The bursting pressure of the units is to be compared 

to determine if any reinforcement is obtained. For the 

electroformed nickel shell, 6 inch inside diameter by 



.070 inches thick the burst pressure is calculated from 

equation 7 to be 2300 psi for a maximum stress of 

100,000 psi. No attempt was made to analyze the rein- 

forced configuration. 



APPENDIX B .  SPOOL PIECE DESIGNS 

K a s t e l l o y  X-EF N i c k e l  Chamber Des ign  

DATA: EF N i c k e l - H a s t e l l o y  X Bond S t r e n g t h s  (1) 

a t  room t e m p e r a t u r e  - 0 = 93000 p s i  u  t 

- 0 u  = 53000 p s i  
t 

EF N i c k e l  t e n s i l e  s t r e n g t h s  - F i g u r e  B 1  

H a s t e l l o y  X t e n s i l e  s t r e n g t h s  - F i g u r e  B2 

INITIAL GEOMETRY: 

Chamber d i a m e t e r ,  di  = 10.77  i n .  = d5 

Rib h e i g h t ,  d  A .060 i n .  ( a s  p e r  c o o l a n t  r e q u i r e m e n t )  

Rib w i d t h ,  w .040 i n .  N = 180 r i b s  @ 2.00' 

Chamber w a l l  t h i c k n e s s ,  ti = .018 i n . ,  to = .250 i n .  

LOADING CRITERIA: 

C o o l a n t  P r e s s u r e ,  PL = 500 p s i  

Chamber P r e s s u r e ,  PC = 0  q = 500 p s i d  

P o s t - F i r i n g  (Ho t )  
1. 

Chamber P r e s s u r e ,  PC = 500 p s i  
q = 100 p s i a  

C o o l a n t  P r e s s u r e ,  PL = 400 

2 .  H y d r o s t a t i c  T e s t ,  PL = 750 p s i  
q = 750 p s i d  

Chamber P r e s s u r e ,  PC = 0  
(Cold)  

The geometry  n o t a t i o n  used  i n  t h i s  a n a l y s i s  i s  d e f i n e d  i n  

F i g u r e  B 3 .  



OPERATING TEMPERATURES : 

Gas s i d e  w a l l  t e m p e r a t u r e ,  

Coo lan t  s i d e  w a l l  t e m p e r a t u r e  

See t h e r m a l  a n a l y s i s .  

The most  c r i t i c a l  l o a d i n g  of  t h e  u n i t  o c c u r s  immedia te ly  upon 

t e r m i n a t i o n  of  a  f i r i n g .  A t  t h i s  t i m e ,  t h e  p r e s s u r e  d i f f e r -  

e n t i a l  a c r o s s  t h e  i n n e r  w a l l  r e a c h e s  a  maximum v a l u e  f o r  a  

"Hot" motor .  

The r i b  s p a c i n g ,  i s  de te rmined  from t h e  g e o m e t r i c  r e l a t i o n -  

s h i p ,  

0 = 
360P 

= 2.00" (180 r i b s )  
.rr (d ,+2t ,  ) 

For  d5 = di = 10.77 i n . ,  and ti = .018,  we o b t a i n  P = .189. 

The d i s t a n c e  between r i b s  i s  c o n s e q u e n t l y ,  

L=P-W=.149 i n .  

W e  now d e t e r m i n e ,  

L ti 2  -2  = 8.29 (5 ) 2  = 68.5 and = 1 . 4 7 ~ 1 0  
ti i 

The c r i t i c a l  mechanica l  stress developed i n  t h e  chamber 

w a l l  under  t h e  h y d r o s t a t i c  l o a d i n g  i s  bending a d j a c e n t  t o  

t h e  r i b .  F o r t u n a t e l y ,  t h e  maximum t e n s i o n  o c c u r s  on t h e  



cooled s i d e  of t h e  w a l l .  The va lue  of t h e  i n n e r  w a l l  

bending stress i s ,  

For t h e  load ing ,  q = 500 p s i d ,  

Ob = 17100 p s i  

W~ 

The maximum t e n s i o n  occu r s  on t h e  cooled s i d e  of t h e  i n n e r  

w a l l  i . e .  a t  500°F. A t  t h i s  temperature ,  o = 45400 p s i  
Y t  

(see Figure  2 ) .  The maximum t e n s i l e  stress on t h e  h o t  

s i d e  of t h e  i n n e r  w a l l  i s  eva lua t ed  a s  two- th i rds  of  t h i s  

v a l u e ,  (Ref. 5)  

O L  = .667(17100) = 11400 p s i  

The t e n s i l e  s t r e s s  i n  t h e  r i b s  when t h e  coo lan t  passages  

are p r e s s u r i z e d  and t h e  chamber i s  n o t  i s  given by 

o = q  (P-w)= 1860 p s i  
tr W 

f o r  t h e  given load ing .  

The c i r c u m f e r e n t i a l  s t r e s s  i n  t h e  o u t e r  n i c k e l  w a l l  may 

be considered cons t an t  s i n c e  t h e  w a l l  i s  t h i n  compared 

wi th  i t s  r a d i u s  and has t h e  va lue  (7 )  

aE (Ti--To) 
o = =  

$0 1 - v  

where a ' 7 . 4 ~ 1 0 ~ ~  p e r  OF 



6 E = 30x10 p s i  

Thus 

o = 13000 p s i  
$0 

The average c i r c u m f e r e n t i a l  stress i n  t h e  i n n e r  w a l l  i s  (7)  

6 S u b s t i t u t i n g  va lues  a = 8 . 0 x 1 0 - ~ ,  E = 25x10 , Ti - = 710°F 

To = 100°F 

o = - 191000 p s i  (compressive) + i- 
I f  w e  cons ider  t heshea r  s t r a i n  i n  t h e  r i b s  t o  be n e g l i g i b l e  

we may estimate t h e  l a r g e s t  shea r  stress va lue  a s  (7 )  

PaE (Ti-%) toti- 
- o - 

S 5w ( 1 - v )  [ 
r ( to+t i )  

2 

For P=.189, w= .040  and t h e  above v a l u e s  f o r  t h e  remaining 

v a r i a b l e s ,  

O s  = 11400 p s i  r 

During f i r i n g ,  t h e  r i b s  a r e  loaded compressively a s  a 

consequence of t h e  imposed temperature  d i f f e r e n c e  between 

t h e  i n n e r  and o u t e r  w a l l s .  This  compressive stress , i s  

S u b s t i t u t i o n  of va lues  provides  

o r = 2680 p s i  



The chamber hoop s t r e n g t h  requ i rement  i s  g i v e n  by ,  

r + r i  
0 where r = 2  and r = r . + t i + d + t  

0 1 0 

S u b s t i t u t i n g  t h e s e  i d e n t i t i e s  y i e l d s  

Here q  i s  t h e  t o t a l  d i f f e r e n t i a l  p r e s s u r e  a c r o s s  t h e  

chamber w a l l s .  

For  di = 10.77 i n . ,  d  = .070 and q  = 500 p s i ,  

o = 13000 p s i  
4 

During h y d r o s t a t i c  t e s t ,  t h e  u n i t  e x p e r i e n c e s  a  c o o l i n g  

p a s s a g e  p r e s s u r e ,  PL = 750 p s i .  Thus q  = 750 p s i .  

The r i b s  undergo a  t e n s i l e  l o a d  cor respond ing  t o  

For t h e  above geometry and q  = 750 p s i ,  

O t  
= 2800 p s i  

r 

The s h e a r  stress i n  t h e  i n n e r  w a l l  r e a c h e s  a maximum a t  

t h e  r i b - i n n e r  w a l l  j u n c t i o n .  T h i s  i s  computed from 

Consequent ly ,  f o r  q  = 750 p s i  

O s = 3110 p s i  i 



The c r i t i c a l  mechanical s t r e s s  developed i n  t h e  u n i t  under 

t h e  c o o l a n t  h y d r o s t a t i c  load ing  i s  bending ad j acen t  t o  t h e  

r i b .  The maximum t e n s i o n  occurs  on t h e  c o o l a n t  s i d e  of t h e  

w a l l .  Using t h e  maximum bending moment equa t ion  given i n  

Reference 5 ,  

M = .0839 (P-w) 2 
q  

and t h e  equa t ion  f o r  p l a t e  bending s t r e s s ,  

we o b t a i n ,  
C\ 

S u b s t i t u t i n g  g i v e s  

o = 32200 p s i  
bi 

The most c r i t i c a l  reg ion  i n  t h e  u n i t  i s  t h e  gas  s i d e  of 

t h e  i n n e r  w a l l  a s  exempl i f ied  by t h e  l a r g e  va lue  of t h e  

i n n e r  w a l l  thermal  s t r e s s .  S ince  t h i s  va lue  exceeds t h e  

y i e l d  p o i n t  s t r e s s  it i s  necessary  t o  examine t h e  p l a s t i c  

behavior .  This  thermal  s t r e s s  occurs  i n  t h e  form of 

i s o t r o p i c  compression, and i s  given by ( 3 ) ,  

Where Ts = gas  s i d e  w a l l  temperature  
0 0 

Y t  Yt  w h e n / - 1 ' 1  K = l o l  (r 

e e  





F o r  t h e  p r e v i o u s l y  u s e d  v a l u e s ,  

a n d  K = 4 3 0 0 0  ( y i e l d )  = , 2 2 5  
1 9 1 0 0 0  

W e  o b t a i n ,  

E = - . 0 0 8 8  i n / i n .  
P 

T h e r m a l  A n a l y s i s  - H a s t e l l o y  X L i n e r  

2  Assume Heat F l u x  = 6  B T U / ~ ~  /sec 

Heat T r a n s f e r  A r e a  = ( 1 . D . )  ( L e n g t h )  = ( 1 0 . 7 7 )  ( 1 2 )  = 4 0 5  in 
2  

T o t a l  H e a t  t o  be A b s o r b e d  = (q/A) A = 6 ( 4 0 5 )  = 2430  B T U / S ~ C  

Assume w a t e r  as c o o l a n t  a n d  Tin = 7 0 °  Tout = 1 2 0  

WH,O = Water F l o w  R a t e  = Q / A T ~  = 4 8 . 6  l b m / s e c  = 3 4 8  qpm 
2  

N = n u m b e r  c o l l a n t  passages = 1 8 0  

d = c o o l a n t  p a s s a g e  h e i g h t  = , 0 6 0  

a = c o o l a n t  p a s s a g e  w i d t h  = . I 4 9  

F l o w  A r e a  f o r  C o o l a n t  = ( N )  ( d )  ( 2 , )  = 1 . 6  i n  2  

"20 - 4 8 . 6  
V = coolant  v e l o c i t y  = - - ---- 1 6  = 7 0  f t / s e c  

62.5(") 1 4 4  



dH = Hydrau l ic  Diameter = lApassage  - - ('1 ( d )  = - 0 8 5  in. 
Wetted p e r i m e t e r  

2[ '+d1 = - 0 0 7  f t .  

The h e a t  t r a n s f e r  t o  t h e  c o o l a n t  i s  assumed t o  be due t o  

f o r c e d  convec t ion .  A modi f i ed  Colburn e q u a t i o n  i s  used 

w i t h  a l l  thermodynamic d a t a  e v a l u a t e d  a t  t h e  f i l m  t empe ra tu r e .  

dhpV where Re = Reynolds number = - 
1-I 

'r = P r a n d t l  number = c ~ / k  P 

The h e a t  t r a n s f e r  c o e f f i c i e n t  ( h )  i s  determined 

a t  s e v e r a l  f i l m  t empe r a tu r e s  

The l i q u i d  s i d e  w a l l  t empe ra tu r e  T i s  determined by 
W- 

a  t r i a l  and e r r o r  s o l u t i o n :  

1. Assume a  f i l m  t empe ra tu r e  

2. Using t h e  cor responding  h ,  c a l c u l a t e  T  w- - -T~, 0  

3 .  C a l c u l a t e  a f i l m  tempera tu re  - L L 

Tf - 2 

4 .  Cont inue  above p rocedure  u n t i l  T  assumed ( S t e p  1) 
f  

and T c a l c u l a t e d  ( S t e p  3) a r e  e q u a l .  
f 



A t  i n l e t :  T ~ 2 0  = 70 Assume Tf = 150 (h=.0354) 

~t o u t l e t :  T ~ 2 ~  = 120 Assume T~ = 200 (h=.043) 

6 

The d i f f e r e n c e  between t h e  c a l c u l a t e d  and assumed 

f i l m  t empe ra tu r e s  (5-10 OF) i s  n e g l i g i b l e  f o r  t h i s  t y p e  

c a l c u l a t i o n  and r e p e a t e d  i t e r a t i o n s  a r e  n o t  deemed nece s sa ry .  

The g a s  s i d e  w a l l  t empe ra tu r e  i s  determined by 

c o n s i d e r i n g  conduct ion th rough  t h e  .018" H a s t e l l o y  l i n e r  

For a  l i q u i d  s i d e  w a l l  t empera tu re  o f  250°F Tw = 850°F 
9  

P r e s s u r e  d rop  (wa t e r )  

.. 

For 100,000 < Re < 150,000 f  - .005 (Pg. 156 McAdams 
"Heat ~ r a n s m i s s i o n " )  



A s  a  r e s u l t  o f  c o n s u l t a t i o n s  w i t h  M r .  P a u l  

S i r o c k y  o f  NASA Lewis R e s e a r c h  C e n t e r ,  t h e  f r i c t i o n  

f a c t o r  u s e d  i n  t h e  p r e v i o u s  d e s i g n  a n a l y s i s  ( f  = . 0 3 )  

was i n v e s t i g a t e d .  T h i s  l a t t e r  v a l u e  was b a s e d  on r e c e n t  

t e s t  d a t a  o b t a i n e d  w i t h  Camin w a t e r  c o o l e d  s p o o l  p i e c e s  

a t  NASA-Lewis. The d a t a  r e d u c t i o n  which r e s u l t e d  i n  a n  

f  = . 03  i n c l u d e d  t h e  p r e s s u r e  d r o p s  i n  t h e  i n l e t  and o u t -  

l e t  m a n i f o l d i n g .  S u b t r a c t i n g  t h e  p r e s s u r e  d r o p s  i n  t h e  

m a n i f o l d s  y i e l d s  a n  f  = .013 .  Communication w i t h  M r .  G .  

Repas o f  NASA Lewis  Resea rch  C e n t e r  ( 8 / 9 / 6 8 ) ,  y i e l d e d  

a d d i t i o n a l  f l o w / p r e s s u r e  d r o p  d a t a  f rom o t h e r  Camin h a r d -  

ware .  The r e d u c t i o n  o f  t h i s  d a t a  a l s o  i n d i c a t e s  a v a l u e  

o f  f  i n  t h e  above  e q u a t i o n  e q u a l  t o  .013.  

Fo r  f  = .013 AP = 
4 ( .013)  ( 1 2 )  62.5 ( 7 0 )  

.085 ' 2  (32 .2 )  (144)  
1 = 243 p s i  

INLET OUTLET 



Thus t h e  l i q u i d  s i d e  w a l l  t empe ra tu r e  i s  always below 

s a t u r a t i o n .  

I f  a  v a l u e  f o r  f  = .005 i s  used t h e  r e s u l t a n t  

p r e s s u r e  d r o p  i s  9 5  p s i  and t h e  e x i t  s a t u r a t i o n  tempera- 

t u r e  i s  i n c r e a s e d  t o  410°F. 

The t empe ra tu r e  under  a  r i b  can be de te rmined  

u s i n g  t h e  method o u t l i n e d  i n  Barrere "Rocket P ropu l s i on"  

Pg. 450. The t h i n n e s s  o f  t h e  r i b  and i n n e r  w a l l  r e s u l t s  

i n  t empe ra tu r e s  under a r i b  t h a t  a r e  approx imate ly  e q u a l  

t o  t h o s e  under  t h e  c o o l a n t  passage .  



Graded Z i r c o n i a  - EF N i c k e l  Chamber Design 

DATA: EF Nicke l  t e n s i l e  s t r e n g t h s  - F i g u r e  B 1  

Coating/bond s t r e n g t h s  - T e s t  d a t a  from Camin- 

f a b r i c a t e d  specimens i n d i c a t e s  s t r e n g t h s  on t h e  

o r d e r  o f  f o u r  t i m e s  t h a t  o r i g i n a l l y  assumed. On 

t h i s  b a s i s ,  a  nominal  j o i n t  s t r e n g t h  f o r  t h e  

c o a t i n g / n i c k e l  w a l l ,  

a = 50000 p s i  
bi 

a p p e a r s  t o  be  v a l i d .  

ESTIMATED GEOMETRY : 

Diameter ,  di = 10.77 i n .  = d5 

Rib h e i g h t ,  d  5 0.060 i n .  ( p e r  c o o l a n t  r e q u i r e m e n t )  

Rib w i d t h ,  w 0.040 i n .  N = 120 r i b s  @ 3.00' 

Chamber w a l l  t h i c k n e s s e s ,  

c o a t i n g  - .008 i n .  

ti EF Nicke l -  .030 i n .  

to EF Nickel -  .250 i n .  

LOADING CRITERIA:  

c o o l a n t  p r e s s u r e ,  PL = 500 p s i  
q - 500 p s i d  

chamber p r e s s u r e ,  PC = 0  

pos t - f  i r i n g  (Hot)  
1. 

chamber p r e s s u r e ,  PC = 500 p s i  
q  = 100 p s i d  

c o o l a n t  p r e s s u r e ,  PL = 400 p s i  



2 .  Hydros t a t i c  t e s t ,  PL = 750 p s i  
q  = 750 p s i d  

Chamber p r e s s u r e ,  = 0 
(Cold) 

OPERATING TEMPERATURES (Average va lues )  

Gas s i d e  w a l l  t empera ture ,  (dur ing 1. above) 
- 
T = 4280°F 
wg 

Coolant  s i d e  w a l l  temperature ,  
- 
T w ~  = 140°F 

I n t e r f a c e  (Nickel-coat ing)  temperature  
- 
Tw = 200°F 

i n t .  

Outer w a l l  temperature  

T + 700F 
0 

1. Upon t e rmina t ion  of  f i r i n g ,  wi th  c o o l a n t  flow, t h e  

p re s su re  d i f f e r e n t i a l  a c r o s s  t h e  w a l l  i s  a  maximum 

and,  s i n c e  t h e  i n n e r  w a l l  i s  s t i l l  " h o t , "  t h e  

maximum s t r e s s e s  a r e  ob ta ined .  Consequently,  t h i s  

cond i t i on  w i l l  be i n v e s t i g a t e d  f i r s t .  

The r i b  spac ing ,  P  i s  determined from t h e  geometr ic  

r e l a t i o n s h i p ,  

360P g = -  
n (d5+2ti) = 3.00' (120 r i b s )  

For d5 = 10.77 i n . ,  ti = .038 i n .  we o b t a i n  

P  = .284 i n ,  

The d i s t a n c e  between r i b s  (cool ing  passage width)  i s  

t h u s ,  f o r  w = ,040 in;; 



L = P-w = . 2 4 4  i n .  

W e  now determine,  f o r  ti = 0.038 i n .  

= 6.42 = 41.2 and ($12 = 2.43 x 
ti (F. 1 ) 

The c r i t i c a l  mechanical stress developed i n  t h e  

chamber wa l l  under t h e  h y d r o s t a t i c  load ing  i s  bending 

a d j a c e n t  t o  t h e  r i b .  The maximum t e n s i o n  induced i n  

t h e  i n n e r  w a l l  f i b e r s  f o r t u n a t e l y  occurs  on t h e  cooled 

s i d e  of t h e  i n n e r  w a l l .  The magnitude of t h e  bending 

stress i n  t h e  i n n e r  w a l l  i s  

For t h e  app l i ed  load ing ,  q = 500 p s i d ,  

Ob = 10300 p s i  
w , 

The maximum t e n s i l e  stress on t h e  h o t  s i d e  of  t h e  i n n e r  

w a l l  i s  eva lua ted  a s  two- th i rds  of t h e  above v a l u e ,  

O t  
= 0.67(10300) = 6900 p s i  

W 
g 

The t e n s i l e  stress i n  t h e  r i b s  when t h e  coo lan t  

passages  a r e  p r e s s u r i z e d  and t h e  chamber i s  n o t  i s  

g iven  by 

- (P-w) 
- 9-"w = 3050 p s i  

tr 

f o r  t h e  given load ing .  



The c i r c u m f e r e n t i a l  s t r e s s  i n  t h e  o u t e r  (Nickel)  w a l l  

has t h e  va lue .  

-6 where a + 7 . 4 ~ 1 0  per°F 

6 
v = 0.3 E = 30x10 p s i  

This  stress i s  considered t o  be  c o n s t a n t  through t h e  

o u t e r  w a l l  s i n c e  t h e  w a l l  i s  t h i n  compared wi th  i t s  

r a d i u s .  

For t h e  above va lues ,  

o = 4200 p s i  
$0 

The average c i r c u m f e r e n t i a l  stress i n  t h e  i n n e r  

(Nickel)  w a l l  i s  

S u b s t i t u t i n g  t h e  above v a l u e s ,  

= - 27,500 p s i  (compressive) 
+i 

I f  we cons ide r  t h e  shea r  s t r a i n  i n  t h e  r i b s  t o  be 

n e g l i g i b l e  we may e s t i m a t e  t h e  l a r g e s t  shea r  stress 

va lue  a s  



For P = .284, w = . 0 4 0  and t h e  va lues  c i t e d  above 

f o r  t h e  remaining v a r i a b l e s ,  

a = 5200 p s i  
s,- 

During f i r i n g ,  t h e  r i b s  a r e  loaded i n  compression a s  

a  r e s u l t  o f  t h e  imposed temperature  d i f f e r e n c e  between 

t h e  i n n e r  ( h o t )  and o u t e r  ( co ld )  w a l l s .  This compres- 

s i v e  stress i s  given by 

S u b s t i t u t i n g  v a l u e s ,  we o b t a i n ,  

0 = 1300 p s i  r 

The chamber hoop s t r e n g t h  requirement  i s  g iven  by 

ro+ri 
where = 2  and r = r i+ti+d+to 

0 

S u b s t i t u t i n g  t h e s e  i d e n t i t i e s  y i e l d s  

Here q i s  t h e  t o t a l  d i f f e r e n t i a l  p r e s s u f e  a c r o s s . t h e  

chamber walls .  

For di = 10.77 i n . ,  d  = .060 i n .  and q  = 500 p s i ,  

o 4  = 9700 p s i  



2 .  During h y d r o s t a t i c  t e s t ,  t h e  coo lan t  passages  a r e  

p r e s s u r i z e d  t o  P L = 750 p s i .  S ince  PC = 0 ,  q  = 750 p s i d .  

The r i b s  undergo a  t e n s i l e  load ing  corresponding t o  

For t h e  above geometry and t h e  h y d r o s t a t i c  l oad ing ,  

O t  
= 4570 p s i  

r 

The s h e a r  stress i n  t h e  i n n e r  (Nicke l )  w a l l  i s  a 

maximum a t  t h e  r i b - i n n e r  w a l l  j unc t ion .  Th i s  i s  

determined from t h e  r e l a t i o n ,  

For t h e  h y d r o s t a t i c  l oad ing ,  q  = 750 ps id  

o s = 3050 p s i  
i 

The c r i t i c a l  mechanical stress developed i n  t h e  u n i t  

under h y d r o s t a t i c  load ing  i s  bending a d j a c e n t  t o  t h e  

r i b .  The maximum t e n s i o n  ( a s  i n d i c a t e d  p rev ious ly )  

occurs  on t h e  coo lan t  s i d e  of t h e  w a l l .  Using t h e  

maximum bending moment equa t ion  f o r  t h i n  s h e l l s ,  

and t h e  equa t ion  f o r  p l a t e  bending s t r e s s ,  



w e  o b t a i n  

s u b s t i t u t i o n  y i e l d s ,  

CJ = 17250 p s i  
bi 

Thermal Ana ly s i s  - Graded c o a t i n g  

I n  t h e  a n a l y s i s  t h a t  f o l l o w s  t h e  the rmal  c o n d u c t i v i t y  

o f  t h e  g raded  c o a t i n g  w i l l  be t aken  a s  3 . 1  BTU/in. s e c .  OF 

The p r e sence  o f  a  sp r ayed  r e f r a c t o r y  c o a t i n g  w i l l  

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

upon a  h e a t  f l u x  o f  6 BTU/sq i n / s e c  t o  t h e  uncoated  Baste l loy-X 

l i n e r ,  a  H a s t e l l o y  g a s  s i d e  w a l l  t empe ra tu r e  o f  850°F and a  

f l ame  t empe ra tu r e  o f  5500°F t h e  g a s  s i d e  h e a t  t r a n s f e r  co- 

e f f i c i e n t  i s  found t o  be  .0013 BTU/sq in/sec.OF. 

An e s t i m a t e  o f  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  can 

be  made w i t h  t h e  fo l l owing  assumpt ions :  

hg = g a s  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  = .0013 

Ax = c o a t i n g  t h i c k n e s s  = .008 i n .  
C 

kc = c o a t i n g  c o n d u c t i v i t y  = 3 .1  x  10 -6 

AxN = n i c k e l  l i n e r  t h i c k n e s s  = .030 i n .  

-5 
kN = n i c k e l  c o n d u c t i v i t y  = 75 x 10  BTU/in-sec OF 

2 hL = l i q u i d  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  = .04 BTU/in sec°F .  



For  a  f lame tempera tu re  T  = 5500 and a  bu lk  l i q u i d  
9  

t empe ra tu r e  TL = 100 

wi th  t h e  above h e a t  f l u x ,  t h e  fo l l owing  t empera tu re  d rops  

a r e  found 

Theref  o r e  

= 4280°F Tcoat ing-gas  s i d e  

= 200°F Tcoa t i ng -n i cke l  i n t e r f a c e  

T n i c k e l - l i q u i d  s i d e  = 140°F 

Assume t h e  fo l l owing  t h r u s t  chamber c o n f i g u r a t i o n  

I.D. = 10.77 i n c h e s  

Length = 1 2  i nches  

Heat  t r a n s f e r  a r e a  = 405 i n  2  

T o t a l  h e a t  t o  be  absorbed = q/A ( A )  = 1.58 (405) = 640 BTU/sec 

Coolan t  wa t e r  f low r a t e  = 40 lbm/sec = 286 gpm 



N = Number coo l ing  passages = 120 

d = Coolant  passage h e i g h t  = .060 

R = Coolant  passage width = .244 

Flow a r e a  f o r  c o o l a n t  = NxdxR = 1.76 i n  2  

V = coo lan t  v e l o c i t y  = wh20 = 52 f t / s e c  
<A 

dh = Hydraul ic  d iameter  = 4 Area - - (exd)  = .096 i n  = 008 f t .  Wet . P e r i .  2  (k+d) 

The h e a t  t r a n s f e r  t o  t h e  c o o l a n t  i s  assumed t o  be due 

t o  fo rced  convect ion.  A modif ied Colburn equa t ion  i s  used 

wi th  a l l  thermodynamic d a t a  eva lua t ed  a t  t h e  f i l m  tempera- 

t u r e .  

us ing  an average f i l m  temperature  of  l lO°F 

2 hL = '0225 BTU/in s e c  OF 

S ince  t h e  bulk  water  temperature  rise i s  low ( 1 6 ' )  

t h e  a x i a l  v a r i a t i o n s  of  t empera ture  w i l l  be neg lec t ed .  

The tempera ture  drop through t h e  l i q u i d  f i l m  i s  

A T  = 1 0 5 8 / . ~ 2 2 5  = 70°F 

i . e .  f o r  a  bu lk  l i q u i d  temperature  o f  70°F t h e  l i q u i d  s i d e  

wa l l  t empera ture  w i l l  be 140°F. This  i s  t h e  va lue  

p rev ious ly  determined us ing  a  bulk  temperature  of 100°F and 

a  l i q u i d  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  = . 0 4 .  



Using t h e  l a s t  va lues  of h  ( .0225) and TL = 75' 

1 
changes 6 t o  3435 and q / A  remains unchanged. The tempera- 

t u r e  p r o f i l e  a l s o  remains unchanged. 

S ince  t h e  w a l l  temperature  i s  below t h e  normal b o i l i n g  

p o i n t ,  no danger of  b o i l i n g  e x i s t s .  

The p r e s s u r e  drop i s  e s t ima ted  from 

- - 4 (. 013) (12) [62.5 (52) 
0 9 6 "  2 (32.2) ( 1 4 4 )  1 = 1 2 0  p s i  

The graded c o a t i n g  c o n s i s t s  of 

0 0 2 "  Zi rconia  

.0015" 90% Zi rconia  - 1 0 %  Nichrome 

.0015" 70% Zi rconia  - 30% Nichrome 

.0015" 30% Zi rconia  - 70% Nichrome 

.0015 Nickel  
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