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NOTICE 

This report was prepared as an account of Government- 
sponsored work. Neither the United States, nor the 
National Aeronautics and Space Administration (NASA), 
nor any person acting on behalf of NASA: 

A.) Makes any warranty or representation, expressed 
or implied, with respect to the accuracy, com- 
pleteness, or usefulness of the information 
contained in this report, or that the use of 
any information, apparatus, method, or process 
disclosed in this report may not infringe 
privately-owned rights; or 

use of, or for damages resulting from the use 
of, any information, apparatus, method or 
process disclosed in this report. 

B.) Assumes any liabilities with respect to the 

As used above, "person acting on behalf of NASA'' includes 
any employee or contractor of NASA, or employee of such 
contractor, to the extent that such employee or contractor 
of NASA or employee of such contractor prepared, dissemi- 
nates, or provides access to any information pursuant to 
his employment or contract with NASA, or his employment 
with such contractor. 
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ABSTRACT 

Twelve 0.60-in. (0.52 cm) thick, 18% nickel, 200 Grade, maraging steel 
test panels were removed from the 260-in. (6.6 m)-dia motor case to evaluate 

the structural and metallurgical characteristics of selected areas of the "as 
fabricated" production case. The areas investigated include: (1) measurement 
of a case thin spot, (2) structural and metallurgical evaluation of production 
automatic welds, defective welds, and nondestructive test indications in welds, 
and (3)  structural and metallurgical evaluation of case hot spots that occurred 

during motor postfiring haatsoak. The program results showed that the material 
and fabrication process controls developed prior to the start of fabrication 
were successfully incorporated in the production of the 260-in. (6.6 m)-dia 

case. These production process controls resulted in acceptable case material 
properties. 
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I. SUMMARY 

The metallurgical evaluation of the 260-SL-3 chamber was initiated in 
May 1969 under Contract NAS3-12039 to evaluate the structural and metallurgi- 
cal characteristics of selected areas of the production chamber (SN 001) fab- 
ricated with 18% nickel, 200 Grade, maraging steel. The program scope was 

divided into seven tasks as follows: (1) Task I - review of inspection reportss 
(2) Task I1 - sectioning of the 260-SL-3 chamber, (3) Task I11 - metallurgical 
evaluation of standard production welds, ( 4 )  Task IV - metallurgical evaluation 
of defective welds (including a radiographic high-density area, two ultrasonic 

indications, and a magnetic particle indication), (6) Task VI - measurement of 
a thin spot, and (7) Task VI1 - metallurgical evaluation of hot spots. 

After all 12 test panels were removed from the chamber cylinder section, 
the test panels of Tasks IV and V were inspected using rad iographic ,u l t rasonic ,  

and magnetic particle inspection techniques. The results of these inspections 
were: (1) the scattered, spherical, porosity (Task IV) and the high-density 
indication (Task V) were observed, (2) the ultrasonic and magnetic particle 
indications (Task IV) were not observed, (3) there were no indications that 

had not been previously reported, and ( 4 )  existing defects showed no apparent 
change resulting from two proof tests and two motor firing pressurization cycles. 

The structural and metallurgical material properties of Tasks 111, IV, 
V, and VI1 were determined using: (1) standard metallographic analysis and 
hardness measurement techniques, (2) standard 0.25-in. ( 0 . 6 3 5  em)-dia tensile 

specimens, (3) V-notched and precracked Charpy impact fracture toughness speci- 

mens (except Task VII), and ( 4 )  slow-notch-bend fracture toughness specimens. 

The microstructural characteristics of the welds, heat-affected zones, 
and parent material of the production chamber were found to be satisfactory 

and normal for the 18% nickel alloy and fabrication history of the sections 
examined. Typically, the microstructural examination of welds showed porosity 
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I. Summary (cont) 

and crack-free deposits of normal, high quality, gas-tungsten arc fusion sec- 
tions with satisfactory geometry. One porosity pore was observed in one micro- 
structural examination plane of the Task IV porosity test panel. 
density indication (Task V) in the heat-affected zone adjacent to an area of 
multiple weld repair appeared to be an unusual band of reverted austenite 
caused by the extensive weld repair in the area. 

The high- 

The minimum thickness of the thin area as determined by ultrasonic 

techniques was 0.010 in. (0.254 mm) more than the actual 0.565-in. ( 1 . 4 3  cm) 
minimum thickness. Rockwell C hardness values in the thin area were normal; 
they varied from 45 to 50. 

Average 0.2% offset yield strengths of 260-SL-3 chamber parent material 
and welds evaluated in this”program ranged from 230,000 to 252,000 psi (158, 
590 to 173,750 N/cm2) and 194,000 to 225,000 

respectively. Weld strength was typically lower than parent metal yield 
strength and is the result of the initial selection of wire chemistry to ob- 

tain lower strength and higher toughness in the welds. 
reduced the yield strength, e.g., average strength of welds repaired four and 

seven times were 207,000 psi (142,730 N/cm ) and 194,000 psi (133,760 N/cm ), 

respectively. 

2 psi (133,760 to 155,140 N/cm >, 

Repair welding further 

2 2 

Precracked Charpy impact and slow-notch-bend fracture toughness values 

obtained from the test panels indicate that the fracture toughness of the 
parent material and welds were within the range expected for the production 

chamber. The parent material and weld precracked Charpy impact values ranged 
2 2 from 509 to 1103 in.-lb/in.2 (8.9 to 19.3 J/cm ) and 911 to 1785 in.-lb/in. 

2 (15.9 to 31.2 J/cm ), respectively. 
ness values obtained from three parent plates and welds ranged from 159 to 

227 in.-lb/in.2 (2.8 to 4.0 J/cm ) and 251 to 453 in.-lb/in.2 ( 4 . 4  to 7.9  J/cm >, 
respectively. 

Average slow-notch bend fracture tough- 

2 2 
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I .  Summary ( c o n t )  

The e v a l u a t i o n  of t h e  two h o t  a r e a s  of t h e  chamber showed t h a t  t h e  

y i e l d  s t r e n g t h  had been reduced t o  t h e  minimum v a l u e  of 137 ,000  p s i  (94,460 

N/cm ) from t h e  normal u n a f f e c t e d  v a l u e  of 244,000 p s i  (168,240 N/cm ) .  
2 2 

On t h e  b a s i s  of e v a l u a t i o n s  accomplished i n  t h i s  program, i t  i s  con- 

c luded t h a t :  (1) t h e  product ion  chamber showed adequate  s t r u c t u r a l  and metal- 

l u r g i c a l  c h a r a c t e r i s t i c s  w i t h i n  t h e  range  expected,  ( 2 )  r e p e t i t i v e  r e p a i r  of 

18% n i c k e l  s tee l  welds  s i g n i f i c a n t l y  reduces  t h e  t e n s i l e  p r o p e r t i e s  and i n -  

creases t h e  f r a c t u r e  toughness p r o p e r t i e s  of t h e  weld i n  t h e  l o c a l l y  r e p a i r e d  

area, and (3) t h e  h o t  areas of t h e  chamber were exposed t o  a tempera ture  grad- 

i e n t  of about  1200°F (922°K) n e a r  t h e  OD s u r f a c e  t o  1700°F (1200°K) n e a r  t h e  

I D  s u r f a c e .  

11. INTRODUCTION 

Two 260-in. (6 .6  m)-dia motor chambers and two n o z z l e  s u p p o r t  ( s h e l l )  

s t r u c t u r e s  were f a b r i c a t e d  w i t h  t h e  18%, 200 Grade, maraging s t ee l  i n  t h e  

260-in. (6.6 m)-dia Motor F e a s i b i l i t y  Demonstration Program, accomplished 

under NASA C o n t r a c t  NAS3-6284. P r i o r  t o  t h e  s t a r t  of f a b r i c a t i o n  of  t h e  

maraging steel motor hardware,  e x t e n s i v e  material  and p r o c e s s  i n v e s t i g a t i o n s  

were accomplished t o  a s s u r e  t h a t  material p r o p e r t i e s  and f a b r i c a t i o n  p r o c e s s e s  

were understood and t h a t  t h e  a p p l i c a t i o n  of t h i s  knowledge would r e s u l t  i n  a 

s u c c e s s f u l  f a b r i c a t i o n  program. 

The 260-SL-3 motor chamber (SN 001) w a s  used i n i t i a l l y  i n  t h e  260-SL-1 

motor f i r i n g ,  t h e n ,  t h e  chamber w a s  r e h a b i l i t a t e d  and used i n  t h e  260-SL-3 

motor f i r i n g .  Hot s p o t s  on t h e  chamber c y l i n d e r  s e c t i o n  t h a t  developed dur ing  

t h e  260-SL-3 motor p o s t f i r i n g  h e a t  soak  rendered  t h e  c y l i n d e r  s e c t i o n  unaccep- 

t a b l e  f o r  any f u r t h e r  u s e  i n  a motor f i r i n g .  

o b t a i n  material f o r  e v a l u a t i o n  of t h e  "as f a b r i c a t e d "  chamber. 

This  provided an o p p o r t u n i t y  t o  

Page 3 



NASA CR 72676 

11. Introduction (cont) 

The evaluations accomplished in this program are intended to investi- 
gate specific characteristics of the production chamber; i.e. 

automatic welds, defective welds, welds with NDT indications, a chamber thin 
spot, and the cylinder section hot spots. 

investigation were specifically established to provide data that could be 
directly compared with much data developed in the previous material and process 

evaluation program and to the test specimens that were included with the chamber 
during the production maraging heat-treatment. 

production 

The type of specimens used in this 

Previously, investigations of the 18%, 200 Grade, maraging steel have 
been limited to specimen testing of simulated production conditions and to 

burst tests of subscale pressure vessels simulating production conditions. 
The results of the investigations accomplished in this program will be useful 

in defining the material properties and characteristics that could be expected 
in similar large motor case production. Specifically, the results obtained 

from the investigation of the actual production hardware will provide consid- 
erable insight into the design parameters that should be used in the design 

of any future 260-in. (6.6 m)-dia motor chamber fabrication with the 18%, 200 
Grade, maraging steel. 

111. TECHNICAL DISCUSSION 

A .  PROGRAM OBJECTIVES 

The objective of this program was to evaluate structural and metal- 
lurgical characteristics of selected areas of the 260-SL-3 (SN 001) chamber. 
The objective was fulfilled by accomplishing the following: 

1. Evaluating structural and metallurgical characteristics of 

typical standard production automatic chamber weld. 

Page 4 
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1 I I . A .  Program O b j e c t i v e s  

2 .  E v a l u a t i n g  t h e  s t ruc tu ra l  and m e t a l l u r g i c a l  e f f e c t s  of weld 

p r o c e s s  v a r i a b l e s  ( d e f e c t i v e  welds) encountered d u r i n g  f a b r i c a t i o n  of t h e  

chamber. 

3. Thoroughly examining areas w i t h  d e f e c t  i n d i c a t i o n s  d e t e c t e d  

i n  prev ious  n o n d e s t r u c t i v e  tests t o  de te rmine  i f  t h e  d e f e c t s  had changed s i n c e  

t h e  p r e v i o u s  i n s p e c t i o n  and t o  q u a n t i t a t i v e l y  assess t h e  e f f e c t s  of  t h e  d e f e c t s .  

4 .  Determining t h e  t h i c k n e s s  and hardness  i n  a chamber c y l i n d e r  

s e c t i o n  t h i n  s p o t .  

5. E v a l u a t i n g  s t r u c t u r a l  and m e t a l l u r g i c a l  e f f e c t s  i n  a r eas  sub-  

j e c t e d  t o  l o c a l  h e a t i n g  d u r i n g  Motor 260-SL-3 p o s t f i r i n g  h e a t  soak.  

B. TECHNICAL APPROACH 

1 e Program Background 

a. 260-SL Chamber (SN 001) H i s t o r y  

The 260-SL chamber (SN 001) w a s  f a b r i c a t e d  by t h e  Sun 

S h i p b u i l d i n g  and Dry Dock Company, Chester, Pennsylvania ,  dur ing  t h e  p e r i o d  

from A p r i l  1964 t o  March 1965. The s t r u c t u r a l  i n t e g r i t y  of t h e  motor c a s e  

w a s  v e r i f i e d  w i t h  a h y d r o s t a t i c  p r o o f - t e s t  (Reference 1)* a t  t h e  Sun Ship- 

b u i l d i n g  Company b e f o r e  d e l i v e r y .  The chamber w a s  s u b j e c t e d  t o  a proof pres -  
2 

s u r e  of 737 +5, -0 p s i g  (508 i-3, -0 N/cm gage) (1.1 times t h e  MEOP) and main- 

t a i n e d  a t  t h e  proof  p r e s s u r e  f o r  120 see. 

*References used throughout  t h i s  r e p o r t  are l i s t e d  on page 38.  
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I11 e Be Technical Approach (cont) 

Then, t h e  chamber w a s  shipped by barge t o  t h e  Aero je t ' s  

Dade County P lan t  (DCP) f o r  prepara t ion  f o r  t he  260-SL-1 motor f i r i n g .  The 

chamber processing included cleaning,  i n s t a l l a t i o n  of i n t e r n a l  i n s u l a t i o n  and 

l i n e r ,  i n s t a l l a t i o n  of t h e  in su la t ed  chamber i n  t h e  c a s t ,  cure,  and test f ac i -  

l i t y ,  p rope l l an t  ca s t ing ,  and motor assembly. The motor processing w a s  i n i t i -  

a t ed  Apr i l  1965 and w a s  concluded i n  September 1965. 

The motor w a s  s t a t i c a l l y  test f i r e d  (Reference 2) i n  

September 1965. Review of t h e  pressure ,  s t r a i n  gage, and thermocouple da t a  

recorded during t h e  motor f i r i n g  ind ica ted  t h a t  s t r u c t u r a l  i n t e g r i t y  of t he  

chamber w a s  maintained throughout t h e  f i r i n g .  However, p o s t f i r i n g  hea t  soak 

before  motor quench r e su l t ed  i n  hear ing of t h e  chamber s u f f i c i e n t  t o  s l i g h t l y  

d i s c o l o r  t he  e x t e r i o r  pa in t  i n  small l o c a l  areas coinc identa l  wi th  propel lan t  

web burnout regions.  I n t e r i o r  and e x t e r i o r  hardness ind ica t ions  measured a t  

each d isco lored  area and labora tory  inves t iga t ion  t o  determine t h e  maximum 

temperature t h a t  occurred i n  each area indica ted  t h a t  t h e  chamber s t r eng th  

w a s  not  a f f e c t e d  i n  t h e  areas of l o c a l  heat ing.  

Subsequently, t h e  chamber (SN 001) was se l ec t ed  f o r  use 

i n  t h e  260-SL-3 motor f i r i n g .  

i n  t h e  SL-3 motor w a s  e s t ab l i shed  by hydros t a t i ca l ly  proof t e s t i n g  the  chamber. 

Radiographic, magnetic p a r t i c l e ,  and u l t r a s o n i c  inspec t ions  w e r e  accomplished 

on t h e  cy l inde r  l ong i tud ina l  welds before  the  proof test. 

The s t r u c t u r a l  i n t e g r i t y  of t h e  chamber f o r  use 

The case  w a s  successfu l ly  proof t e s t e d  (Reference 3) 
2 

t o  706 p s i g  (487 N/cm gage) f o r  80 sec i n  the  c a s t ,  cure ,  and test f a c i l i t y  

i n  September 1966. 

f i r i n g .  The processing included cleaning;  i n s t a l l a t i o n  of i n t e r n a l  insu la-  

t i o n  and l i n e r ;  i n s t a l l a t i o n  i n  t h e  cast, cure,  and test f a c i l i t y ;  p rope l l an t  

ca s t ing ;  and motor assembly during t h e  period from September 1966 t o  June 1967. 

Then, t h e  chamber w a s  prepared f o r  t he  260-SL-3 motor 

Page 6 
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111. B. Technical Approach (cont) 

Motor 260-SL-3 was s t a t i c a l l y  f i r e d  i n  June 1967 

(Reference 4 ) .  The motor case success fu l ly  withstood the motor f i r i n g ;  how- 

ever,  a p o s t f i r e  quench system f a i l u r e  r e s u l t e d  i n  10 hot  areas i n  t h e  cyl inder .  

The s i z e  of t h e  ho t  areas ranged from about 3-in. (8.62 cm)-dia t o  60 by 17-in. 

(15.2 by 43.0 cm). The e x t e n t  of p a i n t  degradation ranged from a s l i g h t  d i s -  

c o l o r a t i o n  t o  complete decomposition of  t h e  pa in t .  Also, su r f ace  contour 

inspect ions showed t h a t  s i g n i f i c a n t  d i s t o r t i o n  had occurred a t  two a reas .  

Hardness i n d i c a t i o n s  taken i n  t h e  hot  areas ind ica t ed  a s t r e n g t h  reduct ion 

t o  about 155,000 p s i  (106,870 N / c m  ).  2 

b. Chamber (SN 001) Design and Fabricat ion Descr ipt ion 

The following l imi t ed  d e s c r i p t i o n  of t he  chamber design,  

s t r u c t u r a l  material, and f a b r i c a t i o n  approach w i l l  provide a base l ine ,  o r  

reference,  f o r  de f in ing  t h e  material property d a t a  and c h a r a c t e r i s t i c s  devel- 

oped i n  t h i s  program. 

The s t r u c t u r a l  material used i n  f a b r i c a t i o n  of t he  260-SL 

motor chamber was 18% n i c k e l  maraging steel with 0.2% o f f s e t  y i e l d  s t r e n g t h  
2 between 200,000 and 235,000 p s i  (137,900 and 162,030 N/cm ).  

w a s  produced from small i ngo t s  weighing about 26,000 l b ,  (11,800 kg) ,  vacuum- 

a r c  remelted from air-melted i n g o t s ,  t o  achieve high material q u a l i t y  and 

r e l i a b l e  s t r u c t u r a l  i n t e g r i t y .  The chemical composition of t he  weld f i l l e r  

w i r e  w a s  s e l e c t e d  t o  produce t h e  lowest 0.2% o f f s e t  y i e l d  s t r e n g t h  (200,000 

t o  220,000 p s i )  (137,900 t o  151,690 N / c m  ) c o n s i s t e n t  with minimum s t r e n g t h  

requirements t o  o b t a i n  t h e  b e s t  p o s s i b l e  f r a c t u r e  toughness and inhe ren t  

r e s i s t a n c e  t o  d e f e c t  propagation i n  t h e  pressure v e s s e l  welds. The weld 

f i l l e r  w i r e  s e l e c t e d  w a s  an 18% n i c k e l  a l l o y  similar t o  the  parent  ma te r i a l  

except t h a t  t h e  molybdenum content  was lower than t h a t  spec i f i ed  f o r  t h e  

parent  material and t h e  t i tanium content  w a s  higher .  

and o the r  c h a r a c t e r i s t i c s  of t h e  production vacuum-arc remelted steel  p l a t e s  

and weld f i l l e r  w i r e  are shown i n  t h e  procurement s p e c i f i c a t i o n s  contained i n  

Appendix A. 

The material 

2 

The chemical composition 
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1II.B. Technical Approach (cont) 

The minimum material y i e l d  s t r e n g t h  value [(200,000 p s i )  - 
A reduct ion 2 (137,900 N / c m  ) ]  was assumed f o r  s t r u c t u r a l  design of t he  chamber. 

i n  allowable s t r e n g t h  of 5% throughout t h e  pressure vessel was e s t ab l i shed  t o  

allow f o r  weld e f f i c i e n c y  combined with weld mismatch, r e s u l t i n g  i n  190,000 p s i  
2 (131,000 N/cm ) as t h e  minimum design y i e l d  s t r eng th .  The maximum weld m i s -  

match allowed was 10% of t h e  minimum thickness  f o r  a l l  welds, except f o r  t h e  

long i tud ina l  welds i n  t h e  cy l inde r ,  where t h e  allowable mismatch w a s  5% of 

t h e  minimum thickness .  

f a c t o r  of 1 . 3  a t  y i e l d .  These c r i t e r i a  r e s u l t e d  i n  a minimum cy l inde r  mem- 

brane thickness  of 0.60 i n .  (1.52 cm). 

Additional design cr i ter ia  included a minimum s a f e t y  

A l l  production welds except weld r e p a i r  were performed 

i n  t h e  down-hand p o s i t i o n  using automatic'welding equipment with 0.062-in. 

(1.57 mm) d i a  weld w i r e .  The down-hand technique was s e l e c t e d  t o  provide 

t h e  welding ope ra to r  t he  g r e a t e s t  amount of puddle con t ro l  and t o  minimize 

t h e  occurrence of l a c k  of fusion,  p o r o s i t y ,  and other  d e f e c t s  i n  t h e  weldment. 

The automatic equipment used i n  t h i s  program w a s  a Linde HWM-2 automatic a r c  

vo l t age  c o n t r o l  welding head, a Linde HW-27 (gas l e n s  type) welding torch and 

a Miller 600 power source.  The tungsten welding e l ec t rode  w a s  0.150-in. (0.381 

cm) d i a  (2% t h o r i a t e d ) .  

The welding procedures used r e s u l t e d  i n  a hea t  input  

of approximately 30,000 j o u l e s / i n .  (11,800 J/cm). The i n i t i a l  roo t  pass w a s  

accomplished a t  5 in./min (12.7 cm/min) travel. Subsequent weld passes were 

made a t  a t r a v e l  of 8 in./min (20.3 cm/min) and a w i r e  feed of 60 in./min 

(152.4 cm/min) with t h e  welding equipment regulated a t  about 375 amp and 11.0 

v o l t s .  About 12 passes  were required t o  complete the  weldment i n  0.61-in. 

(1.56 cm) nominal thickness  material. 
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1II.B. Technical Approach (cont) 

All chamber welding was accomplished from the outside 
with a simple U-groove edge preparation as shown in Figure 1. Grooved back- 

up bars were provided as an integral part of the assembly and welding tooling 
to provide back-side argon gas-shielding to protect the root of the weld from 

oxidation. The weld groove was filled with low-to-intermediate heat input 

multiple stringer-type weld bead with interpass temperature maintained below 
200°F ( 3 6 7 O K ) .  Surface scale was removed from the face of the weld by grinding 

between each pass to minimize the occurrence of excessive porosity. 

Prior to the start of chamber fabrication, extensive 
material and process evaluations (Reference 5) were accomplished using produc- 

tion material, equipment, and fabrication processes t o  investigate and define 

material process variables that could be expected during actual motor case 

fabrication. This effort resulted in the detection of material and process 
problems and the implementation of corrective action on these problems before 
the start of fabrication. The material and process evaluation areas of inves- 

tigation included: (1) parent plate, (2 )  forged material, ( 3 )  evaluation of 
the effects of cold forming on the tensile and fracture-toughness properties 
of plate, ( 4 )  plate welding, (5) evaluation of the effects of cold-straighten- 
ing on the tensile and fracture toughness of welded joints, (6) maraging 
response of the material and demonstration of the maraging system, ( 7 )  evalu- 
ation of the effects of the hydrostatic test fluid on the material stress- 

corrosion characteristics, and ( 8 )  fabrication and burst test of two 36-in. 
(91.5 cm) dia process evaluation test chambers. 

Although the material and process evaluation program 

preceding chamber fabrication was extensive, some difficulties and discrepan- 

cies did occur during case fabrication. These difficulties included welding 
problems (e.g., weld burnthrough, areas of multiple weld repair, and weld 

defects) and nondestructive indications. 
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1II.B. Technical Approach (cont) 

2. Specimen Test Procedures 

The specimen types and configurations and specimen test pro- 
cedures used in this program were identical to the test specimens and speci- 
men test procedures used in the 260-in. (6.6 m) Motor Program Material and 
Process Evaluation Program (Reference 5) and in the certification of the chamber 
production maraging heat-treatment (Reference 6). The same specimen types 

were used so that the data developed in this program would be directly com- 
parable with previous data. 

Tensile, slow-notch bend, and precracked Charpy impact tests 
were used to evaluate the tensile properties and fracture toughness of the 

plate and weld materials. The dimensions of these test specimens are shown 
in Figure 2 .  All tests were conducted at room temperature. 

a. Tensile Tests 

Tensile properties of specimens removed from the motor 

chamber (SN 001) were determined using a 0.250-in.(0.635 cm) dia threaded 
round specimen in accordance with requirements of ASTM-E8-68. 

specimens were taken from the center region of the 0.6 in. (1.52 cm) 
plate thickness. Where specific gage center locations were required, i.e., 
welds and heat-affected zones, specimen blanks were swab-etched to locate 

the microstructural zones. 

The tensile 

The room temperature tengile tests were conducted in 
accordance with Federal Test Method Standard 151, using a strain rate of 

0.005 in./in-/min. (0.127 mm/mm/min). Load and strain were recorded during 
the tensile tests and the resulting load-strain diagram was used to determine 

the 0.2% offset yield strength. 

gage length. 

Elongation was measured over a 1-in. (2.54 cm) 
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111. B. Technical Approach (cont) 

b. Precracked Charpy Impact Tests 

Precracked Charpy impact te:;ts were made on a subs ize  

Charpy machine designed by Man Labs, Incorporated,  wi th  a capac i ty  of 24 f t -  

l b  (42.5 J). 

precrack t h e  Charpy impact specimens t o  t h e  des i rcd  crack depth. 

A Man Labs fat igue-cracking machine w3s used t o  au tomat ica l ly  

Impact specimens were machined t o  s tandard 0.394 by 

0.394 by 2.10 i n .  (1.0 by 1.0 by 5.33 cm) dimensions from t h e  cen te r  region 

of t h e  0.6 i n .  (1.52 cm) p l a t e  th ickness .  Specimen notches were or ien ted  

through t h e  p l a t e  th ickness .  

i ng  t o  l o c a t e  the  des i r ed  mic ros t ruc tu ra l  zones. 

Specimen b1ank.s were swab-etched p r i o r  t o  notch- 

The energy (W/A) required t o  propagate a crack per u n i t  

2 2 
area of f r a c t u r e  su r face  w a s  ca l cu la t ed  by d iv id ing  L h e  impact energy l-y t h e  

cross-sec t iona l  f r a c t u r e  a rea  and was expressed i n  mi t s  of in . - lb / in .  (,‘/a: ) .  

c. Slow-Notch-Bend F rac tu re  Toughness Tests 

Slow-notch-bend specimen dimensions (Figure 2 )  were t h e  

same as those  used i n  t h e  previous 260-in. (6.6 m) Motor F e a s i b i l i t y  Demon- 

s t r a t i o n  Program. Specimen width w a s  f u l l  p l a t e  th ickness ,  about 0.6 i n .  

(1.52 cm). Specimen depth w a s  0.75 in .  (1.9 cm) and specimen l eng th  w a s  4 .12 

i n .  (10.50 cm). As i n  t h e  Charpy impact specimens, notches were oriCii.i:d 

through t h e  p l a t e  th ickness .  

Two a n a l y t i c a l  procedures were used i n  computmg t h e  

plane s t r a i n  f r a c t u r e  toughness parameter,  G s t r a i n  energy r e l e a s e  r a t e :  

t h e  sp r ing  cons t an t  method and t h e  Bueckner method. The spr ing  cons tan t  

equat ion i s  as follows: G = 1 / 2  (P/B) d (B/M)/da (Aerojet  Computer Program 

16112) t h a t  requi red  obta in ing  a load (P) from a load-deflect ion (P-e) ciiive 

C Y  

2 
NC 
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1II.B. Technical Approach (cont) 

for the test specimen and the quantity d (B/M)/da from a previously developed 

calibration curve relating the reciprocal of the bar spring constant, M y  to 
crack depth, a. 

Load-deflection curves were developed from bend tests 
of instrumented, fatigue precracked notched bars. The load (P) is the load 
at which the curve deviates from linearity and is referred to as the propor- 
tional limit load. 

linearity in the load-deflection curve was frequently encountered making 

accurate definition of the proportional limit load difficult. This difficulty 
was particularly associated with the tougher material conditions tested such 

as welds and hot spot regions. 

In this study the lack of a well defined deviation from 

The quantity d(B/M)/da is the slope of the calibration 

curve for the value of the spring constant (M) calculated for the deflection 
value (e), from the load-deflection curve, associated with the proportional 

limit load value (P), using the following: 

The test specimen width, B, and span, L, are normally 
constant for a given test series. 
bars are machined from material representative of the material to be subse- 

quently tested. 
to properly describe all the material behavior from calibrations based on a 

calibration curve for one condition. 
derived from calibration specimens taken from the Panel No. 11 unaffected 
parent metal region, 

material conditions found in the welds and hot spot regions and re-dimensioning 
the test specimen would probably be necessary to obtain valid fracture tough- 

ness data for these regions. 

In developing the calibration curve, test 

Where several material conditions may exist it is difficult 

In this study the calibration curve was 

The development of calibration curves for the tougher 
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1II.B. Technical Approach (cont) 

The Bueckner equation is as follc IS 

2 
- ( 1 - Y )  h f(a/D) (Aerojet Computer 

IC E Fn Program 16107) 
- 

2 where F = 3 PL/Bh , CJ = Poisson's ratio, E = Youngs modulus, h = depth 
below the notch and f (a/D) = 0.0126 + 1.9762 (a/D) - 2,1713 (a/D> . The 

experimental data required are again the proportional limit load (P) and 
measured values of the machined-notch-plus-fatigue-crack-depth, (a). The 
same difficulties of determining the proportional limit load described 
for the spring constant method apply in the Bueckner analysis. 

of load were used in the Bueckner analysis, i.e., one using the best estimate 

of the proportional limit load (P,) and the second using the well defined 
maximum load (PM) 

2 n 

Two values 

The fatigue crack depth must be measured for each speci- 

men to determine the a-value to be used in the Bueckner calculation. The pro- 
cedure in measuring crack depth was the same as used in the previous 260-in. 

(6.6 m) Motor Feasibility Demonstration Program. Three fatigue crack depths 
were measured on each specimen, one at the specimen center and one each, 

0.0156 in.(0-040 cm) to each side of the center. 
measurements was used in the calculation of G Difficulty was encountered 
in growing planer fatigue cracks of uniform and controlled depth, invalidating 

some data groups. 

The average of the three 

IC 

d. Metallographic Procedures 

Conventional metallographic procedures were followed 

during the program. 

mens in the "as-polished'' condition. 
a 10% chromic and electrolytic etch to define the prior austenitic grain size 

Inclusion ratings were established by examining the speci- 

Grain size determinations were made with 
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111 e B. Technical Approach (cont) 

t h a t  w a s  r a t e d  i n  accordance with ASTM E112-61. General micros t ruc ture  evalu- 

a t i o n s  w e r e  performed using Marble’s e tchant  t o  emphasize the  mar t ens i t i c  

micros t ruc ture  and, i n  conjunction wi th  Knolls e tchant ,  to determine t h e  

presence of banding o r  severe a l l o y  segregat ion.  

C. RESULTS AND DISCUSSION OF RESULTS 

1. Review of Inspec t ion  Reports (Task I) 

Exis t ing  chamber material and f a b r i c a t i o n  records ( log books) 

maintained on t h e  motor chamber (SN 001) during f a b r i c a t i o n ,  during i t s  use 

i n  the  260-SL-1 motor, and during r euse  i n  t h e  260-SL-3 motor w e r e  reviewed 

t o  confirm t h e  exac t  characteristics of t h e  12  test  panels planned f o r  study 

i n  t h i s  program. On t h e  b a s i s  of review of t h e  inspec t ion  r epor t s ,  t h e  1 2  

test panels  shown i n  Table 1 w e r e  s e l ec t ed  f o r  evaluat ion.  

t h e  test panels  on the  chamber cy l inder  s ec t ion  are shown i n  Figure 3.  

chamber cy l inder  s e c t i o n  weld and parent  p l a t e  des igna t ions ,  e.g. ,  g i r t h  weld 

WG-6, l ong i tud ina l  weld W X A ,  and parent  p l a t e  2CA, t h a t  are used throughout 

t h e  t e x t  are shown i n  Figure 3 .  

The loca t ions  of 

The 

The review of inspec t ion  r epor t s  confirmed the  loca t ion  and 

c h a r a c t e r i s t i c s  of t h e  test panels  o r i g i n a l l y  planned f o r  eva lua t ion  wi th  the  

exception of test panel No. 1. T e s t  panel No.  1, Meta l lurg ica l  Evaluation of 

Standard Productions Welds (Table 1) was o r i g i n a l l y  planned t o  be obtained 

from t h e  cy l inder  s e c t i o n  long i tud ina l  weld W3CA. 

No.  1 w a s  rev ised  t o  long i tud ina l  weld W4CB because the  review of inspec t ion  

r e p o r t s  showed t h a t  t h e  o r i g i n a l l y  planned area of weld W3CA d i d  not  have 

s u f f i c i e n t  eva lua t ion  area t h a t  w a s  f r e e  of i n t e r f e rence  from any type of 

weld r e p a i r .  

The loca t ion  of test panel 
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1II.C. Resu l t s  and Discussion of Resu l t s  (cont)  

The loca t ion  of test panel  No. 2 ,  s e l ec t ed  f o r  eva lua t ion  o f  

a g i r t h  weld burnthrough where t h e  turn ing  r o l l s  stopped, could not  be ve r i -  

f i e d  by in spec t ion  records  contained i n  t h e  chamber log  book. This a rea  w a s  

observed during f a b r i c a t i o n  of t h e  chamber (SN 001) and w a s  s e l ec t ed  as a 

loca t ion  f o r  i n s t a l l a t i o n  of s t r a i n  gages t o  be monitored during the  SL-1 

(Reference 1) and SL-3 (Reference 3) chamber hydros t a t i c  proof tes ts .  The 

a r e a  of weld burnthrough w a s  no t  recorded i n  the  chamber log  book because the  

burnthrough and subsequent successfu l  r e p a i r  d id  no t  represent  a nonconform- 

ance t o  e s t ab l i shed  requirements.  

2. Sect ioning of t h e  260-SL-3 Chamber (Task 11) 

The c u t t i n g  l i n e s  de f in ing  the  exact  s i z e ,  shape, and loca- 

t i o n  of each of t h e  1 2  test pane ls  were marked on t h e  chamber c y l i n d r i c a l  

s e c t i o n  e x t e r i o r  s u r f a c e  wi th  i n d e l i b l e  ink.  Each tes t  panel was o r i en ted  by 

e s t a b l i s h i n g  dimensions from a r e fe rence  poin t  on t h e  panel t o  a re ference  

poin t  on t h e  chamber (Figure 4 ) .  
were placed on each test panel  wi th  a metal stamp. 

Both t h e  panel  number and o r i e n t a t i o n  marks 

The panels  were removed from t h e  cy l inder  s e c t i o n  without 

d i f f i c u l t y ,  and w e l l  w i t h i n  t h e  heat-affected zone allowance, by using the  

A r c - A i r  carbon arc  c u t t i n g  technique. Temperature-indicating p a i n t  used on 

t h e  f i r s t  f i v e  pane ls  t o  be  removed showed t h a t  t h e  heat-affected zone of t he  

c u t  was w e l l  w i t h i n  a 1-in. (2 .54 cm) band from t h e  c e n t e r  of t he  c u t .  Ex- 

t e r i o r  p a i n t  d i s c o l o r a t i o n  d i d  n o t  exceed 0.25 i n .  (0.61 cm) from t h e  cu t  on 

any of the test panels .  
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1II.C. Resu l t s  and Discussion of Resu l t s  (cont) 

T e s t  panel  No. 6 w a s  l oca t ed  over an i n e r t  s l iver .  This 

panel w a s  removed by f i r s t  c u t t i n g  through t h e  maraging steel, then c u t t i n g  

through t h e  

by making 2-in. (5.08 cm) on-center c u t s  ac ross  t h e  s l iver  wi th  a chain s a w  

t o  as c l o s e  t o  t h e  m e t a l  as poss ib l e ,  without contact ing t h e  metal. The 2-in. 

(5.08 cm) s e c t i o n s  of s l iver  were then p r i ed  away from t h e  test panel.  Very 

l i t t l e  f o r c e  w a s  required t o  break t h e  s m a l l  s e c t i o n s  of sliver. 

s l iver  with a chain saw. The s l iver  w a s  removed from t h e  panel  

The 12 test panels  w e r e  c u t  from the  chamber wi th  t h e  i n t e r n a l  

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

s u r f a c e  of t h e  test  panel  with a s t e a m  generator  t o  approximately 250°F (394°K) 
t o  degrade i n s u l a t i o n  bond s t r eng th ,  and then p u l l i n g  t h e  i n s u l a t i o n  away from 

t h e  panel.  

The i n s u l a t i o n  w a s  removed by hea t ing  t h e  e x t e r i o r  

Panels 1, 11, and 1 2  w e r e  l e f t  with t h e  e x t e r i o r  p a i n t  and 

i n t e r i o r  i n s u l a t i o n  bonding agent on t h e  su r faces  as t h e  next  planned opera- 

t i o n s  on t h e s e  panels  were t o  l a y  o u t  and machine test specimens. 

panels  2 through 10  were g r i t -b l a s t ed  t o  t h e  metal base t o  prepare t h e  panels  

f o r  subsequent nondestruct ive inspect ions.  The g r i t - b l a s t i n g  w a s  accomplished 

wi th  care so t h a t  t h e  panel number ana panel o r i e n t a t i o n  marks would not  be 

removed. The hose p re s su re  w a s  maintained a t  60 ps ig  (41.4 N / c m  gage) o r  

less, t o  minimize m e t a l  removal and roughening of t h e  panel  su r f aces .  

However, 

2 

The metal su r faces  of t h e  test panel w e r e  covered with s o f t  

f i l m  co r ros ion  prevent ive compound f o r  p r o t e c t i o n  during shipment of t h e  test 

panels  from t h e  A e r o j e t ' s  Dade County Plant i n  F l o r i d a  t o  t h e  Sacramento 

F a c i l i t y  
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1II.C. Results and Discussion of Results (cont) 

3. Metallurgical Evaluation of Standard Production Welds 
(Task 111) 

Test panel No. 1, Standard Production Weld, was evaluated 
to determine the mechanical properties and metallurgical characteristics that 
were obtained in actual production chamber welds. 

test panel will be used as a baseline for comparison with other welds evalu- 
ated in this program. 

Also, the data from this 

Before the start of testing, the weld process and defect 
characteristics in the evaluation area of weld W4CB were defined by a review 
of the chamber fabrication nondestructive inspection and process records. 
The results of this review are shown in Table 2. Weld seam W4CB in the area 

is a typical production automatic weld, free of any discrepant process or 
defect characteristic, The weld was accomplished from the exterior only as 

shown in Figure 5. 

Layout of the tensile, precracked Charpy impact (PCI), slow- 
notch-bend (SNB), and metallographic test specimens on test panel No. 1 is 
shown in Figure 6 .  Weld filler wire heat No. 08950 was used in the produc- 

tion of  weld seam W4CB. The test panel parent metal and weld heat-affected 

zone (HAZ) test specimens were obtained from plate heat 3960832-A (plate 4CB). 

Available parent plate and weld filler wire material characterization data 

(Reference 7) and production maraging heat-treat specimen data (Reference 6) 
are listed in Table 3.  Average tensile, PCI, and SNB specimen data obtained 
from test panel No. 1 are listed in Table 4. 

It is apparent from a comparison of  the characterization 

and heat-treat data (Table 3)  vs the test panel No. 1 mechanical property 
data (Table 4 )  that strength and toughness values of the production parent 
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1 I I . C .  Resu l t s  and Discussion of Resu l t s  (cont) 

p l a t e  and weld were w i t h i n  t h e  range of values  t h a t  had been expected, f o r  

t h e  production component. Average y i e l d  s t r e n g t h  values  f o r  t e s t  specimens 

heat- t reated wi th  t h e  chamber and t h e  test panel No. 1 are ,  r e spec t ive ly :  

2 

2 
Pa ren t  P l a t e  - 233,000 v s  243,000 p s i  (160,650 vs 167,550 N / c m  ) 

Weld, Transverse - 226,000 v s  221,000 p s i  (155,830 vs  152,380 N/cm ) 

The s i m i l a r i t y  between t h e  p l a t e  f r a c t u r e  toughness (G ) Nc 
d a t a  and t h e  G va lues  obtained from t h e  previous chamber hea t - t r ea t  coupons 

is  a l s o  evident  i n  a comparison of Tables 3 and 4. 

p l a t e  material obtained i n  t h i s  program and from t h e  previous h e a t - t r e a t  coupons 

are 227 vs 239 i n . - l b / i n e 2  (3.97 v s  4.18 J / c m  ), r e spec t ive ly .  

Nc 
The average G values  f o r  Nc 

2 

An apparent discrepancy e x i s t s  (Tables 3 and 4 )  when com- 

par ing the panel  No. 1 heat-affected zone (GIc, PL) values  with t h e  G 

obtained i n  t h e  previous material c h a r a c t e r i z a t i o n  program (Reference 6 ) ;  i .e . ,  

253 vs 468 in.-lb/in.’ (4.43 vs 8.19 J / c m  ), r e spec t ive ly .  However, i t  has 

been shown (Reference 5, page 127 through 135) t h a t  a c t u a l  chamber maraging 

gene ra l ly  produced h ighe r  s t r e n g t h  and lower toughness than w a s  obtained i n  

the material Charac t e r i za t ion  program. Therefore,  t h e  spread between t h e  

c h a r a c t e r i z a t i o n  d a t a  and t h e  test panel d a t a  obtained from t h e  maraged 

chamber i s  i n  t h e  d i r e c t i o n  t h a t  i s  expected based on t h e  previous 260-In. 
( 6 . 6  m ) - D i a  Motor program eva lua t ions  (References 5 and 6 ) .  

value 
NC 

2 

Quan t i t a t ive  comparison of t h e  panel No. 1 GIc d a t a  i n  t h i s  

program w i t h  the d a t a  i n  t h e  previous 260-111. (6.6 m)-Dia Motor Program cannot 

N c  be accomplished because the  previous program d a t a  are based p r imar i ly  on G 

toughness values .  However, a q u a l i t a t i v e  comparison of weld, HAZ, and parent  

p l a t e  can b e  accomplished by using t h e  GIc (Pm) toughness va lue  ca l cu la t ed  

using maximum load. Weld and HAZ are shown (Table 4 )  t o  be about equal 
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1II.C. Resu l t s  and Discussion of Resul t s  (cont)  

2 2 toughness E357 and 356 in . - lb / in .  (6.25 and 6.23 J / c m  ) ] ,  r e spec t ive ly ,  and 

about 20% tougher 

vious hea t  t rea t  specimen d a t a  (Table 3 )  show t h e  weld t o  be a t  l eas t  15% 

tougher than t h e  parent  p l a t e .  

2 than t h e  parent  p l a t e  [294 in . - lb/ in .2  (5.14 J/cm ) ] .  Pre- 

Examination of t h e  micros t ruc ture  of t he  s tandard production 

weld i n  test  panel  No. 1 showed a sound weld depos i t  with only a few i s o l a t e d  

sphe r i ca l  pores.  The segregated d e n d r i t i c  s t r u c t u r e  t y p i c a l  of aged, mu l t ip l e  

pass  welds i n  18% n i c k e l  maraging steels was observed i n  t h e  c e n t e r  o f  t h e  

weld (Figure 7). 

The hardness traverse values  measured a t  t he  OD, c e n t e r ,  and 

I D  su r f aces  of t h e  weld of tes t  pane l  No. 1 are p l o t t e d  i n  Figure 8. The 

hardness va lues ,  i n  R c s  range between 44 and 4 8 .  

i nd ica t ions  are provided i n  Table 5. 

Tabulation of t h e  hardness 

4 .  Me ta l lu rg ica l  Evaluation of Defect ive Welds (Task I V )  

The Task I V  eva lua t ion  of de fec t ive  w e l d s  inc ludes  tes t  panels  

No. 2 through 5.  These panels  inc lude  an area of weld burnthrough, areas of 

fou r  and seven overlapping manual weld r e p a i r s ,  and an area of mul t ip l e  s c a t t e r e d  

s p h e r i c a l  po ros i ty .  

I n i t i a l l y ,  t h e  fou r  tes t  pane ls  were nondes t ruc t ive ly  in- 

spected us ing  rad iographic ,  magnetic p a r t i c l e ,  and u l t r a s o n i c  inspec t ion  tech- 

niques.  These inspec t ion  techniques were used i n  t h e  production inspec t ion  

of t h e  chamber SN 001. The inspec t ions  were accomplished i n  accordance with 

s p e c i f i c  process  s p e c i f i c a t i o n s  that  i d e n t i f y  t h e  equipment and material 

requirements as w e l l  as t h e  minimum inspec t ion  s e n s i t i v i t y  (Reference 8 ) .  
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1II.C. Resu l t s  and Discussion of Resu l t s  (cont) 

The nondestruct ive in spec t ion  r e s u l t s  are discussed below: 

a. T e s t  Panel No. 2 - Weld Burnthrough 

Radiographic in spec t ion  showed two s p h e r i c a l  gas pores 

wi th in  s p e c i f i c a t i o n  l i m i t s .  Magnetic p a r t i c l e  inspect ions and both shear  

wave and l o n g i t u d i n a l  wave inspec t ions  did not  r evea l  any d e f e c t s .  

b. Test Panel No. 3 - Mult iple  Weld Repair Area 

Radiographic in spec t ion  revealed no r e j e c t a b l e  de fec t s .  

Also, magnetic p a r t i c l e  and u l t r a s o n i c  in spec t ion  revealed no d e f e c t  indica- 

t i ons .  

c. T e s t  Panel No. 4 - Mult iple  Weld Repair Area 

Radiographic in spec t ion  showed one s p h e r i c a l  gas pore 

w e l l  w i t h i n  s p e c i f i c a t i o n  l i m i t s .  The magnetic p a r t i c l e  and u l t r a s o n i c  inspec- 

t i o n s  showed no de fec t s .  

d. T e s t  Panel No. 5 - Weld Poros i ty  

Radiographic in spec t ion  of panel No. 5 showed a c l u s t e r  

of 21 s p h e r i c a l  gas pores w i t h  diameters of 0.010 t o  0.050 i n .  (0.254 t o  1.270 

mm) i n  about 1.5 in .  (3.81 cm) of weldment l eng th .  Average pore diameter w a s  

0.02 t o  0,025 i n .  (0.508 t o  0.635 mm) with a d i s t a n c e  of c l o s e s t  approach of 

0.01 i n .  (0.254 mm). Neither magnetic p a r t i c l e  nor u l t r a s o n i c  in spec t ion  

detected any d e f e c t s .  
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1II.C. Resu l t s  and Discussion of Resu l t s  (cont)  

The average t e n s i l e  d a t a  and SNB and PC1 f r a c t u r e  toughness 

d a t a  obtained from test panels  No. 2 through 5 are tabula ted  i n  Table 6. 

One of t h e  s i g n i f i c a n t  aspec ts  of t h e  Task I V  e f f o r t  w a s  t o  

determine t h e  t e n s i l e  p r o p e r t i e s  obtained i n  t h e  production manual w e l d  r e p a i r s .  

Manual weld r e p a i r s  are less amenable t o  process  con t ro l s  than are automatic 

welds by n a t u r e  of t h e  process .  The h e a t  input  i n  manual welds i s  t y p i c a l l y  

a func t ion  of t h e  welding opera tor  technique. Manual weld r e p a i r s  were evalu- 

a t ed  i n  t h e  previous material and process  eva lua t ion  program (Reference 5 ,  

pages 90 through 96).  Also, specimens represent ing  seven manual overlapping 

r e p a i r s  were prepared and placed i n  t h e  furnace during the  production heat-  

t reatment  of chamber SN 001. Average u l t ima te  and y i e l d  s t r e n g t h  (Reference 
2 6,  F igure  88) of t hese  hea t - t rea ted  coupons were 194,000 p s i  (133,760 N / c m  ) 

and 187,000 p s i  (128,940 N / c m  ), r e spec t ive ly .  The average t e n s i l e  da t a  f o r  

tes t  pane l  No. 4 (Table 6 ) ;  i . e . ,  201,900 p s i  (139,210 N / c m  ) u l t ima te  s t r eng th  

2 

2 

2 and 194,400 p s i  (134,040 N / c m  ) y i e l d  s t r e n g t h  show t h a t  t h e  a c t u a l  production 

area of seven r e p a i r s  w a s  b e t t e r  than expected from t h e  hea t  t r e a t  coupon tes t  

r e s u l t s .  A s  r e s u l t  of t h i s  program, t h e  y i e l d  s t r eng th  i n  the  area of seven 

r e p a i r s  i s  26,600 p s i  (18,340 N/cm ) lower than t h e  t r ansve r se  y i e l d  s t r e n g t h  

of t h e  product ion automatic weld (Table 4 ) .  A l s o ,  d a t a  i n  Table 6 show t h a t  

t h e  average y i e l d  s t r e n g t h  i n  t h e  pane l  No. 4 area of seven mul t ip l e  w e l d  

r e p a i r s  i s  21,500 p s i  (8,620 N / c m  ) lower than t h e  panel  No. 3 area of fou r  

mul t ip l e  weld r e p a i r s .  

2 

2 

Average weld plane stress (W/A) f r a c t u r e  toughness va lues  of 
L t es t  pane ls  No. 2 through 5 va r i ed  from 1180 t o  1575 in . - lb / in .  (20.65 t o  

27.56 J / c m  ) (Table 6 ) .  

J / c m  ) v a l u e  obtained i n  t h e  s tandard  automatic weld (Table 4 ) .  

plane s t r a in  (G ) f r a c t u r e  toughness va lues  ca l cu la t ed  using t h e  maximum 

load va r i ed  from 312 t o  453 in . - lb / inB2  (5.46 t o  7.93 J / c m  ) (Table 6) and a l s o  

agree  wi th  t h e  357 in . - lb / in .  

matic weld (Table 4) .  

2 These va lues  agree  wi th  t h e  1305 in . - lb / in .2  (22.85 
2 Average weld 

2 I C  

2 2 (6.25 J / c m  ) obtained i n  t h e  production auto- 
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I1I.C. Results and Discussion of Results (cont) 

The tensile and fracture toughn roperti obtained in 
this program are discussed further in Sections III.C.8. and 9. 

Metallographic examinations were made in one plane trans- 
verse to the weld in each test panel No. 2 through 5, except that two planes 

were examined in test panel No. 5 .  

Photomacrographs of the weld areas taken in the metallographic 
sections transverse to repair welds of test panels No. 2 through 5 are shown 
in Figure 9. 
were normal. 

and wider than observed in unrepaired welds, i.e., the production automatic 
weld (test panel No. 1). The burnthrough region in panel No. 2 appeared as a 
ID - OD weld repair. 
unrepaired weld. 

ID and OD surfaces. Very little evidence of the porosity associated with the 
panel No. 5 weld was apparent in the two sections examined. One pore is evi- 
dent in the typical panel No. 5 section shown in Figure 9. The welds were 

generally sound and all but panel No. 5 were free from cracks, porosity, or 

other defects. 

The microstructural characteristics of the parent material regions 
The weld- and heat-affected zones were generally more extensive 

The panel No. 3 repair cannot be distinguished from an 
Panel No. 4 and 5 repairs were extensive and involved both 

After completion of the microstructural examinations, micro- 

hardness was measured (Table 7 ) .  

expected and did not reveal any abnormal conditions. 

The microhardness values were in the range 

5. Evaluation of MDT Indications (Task V) 

The Task V test panels of prior nondestructive test indica- 
tions (test panels No. 6 through 9) include an area of radiographic high- 
density indication associated with an area of multiple weld repair and areas 
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1II.C. Results and Discussion of Results (cont) 

of ultrasonic and magnetic particle indications (see Table I). Initially, test 
panels No. 6 through 9 were inspected using radiographic, ultrasonic, and mag- 
netic particle inspection techniques to confirm the existence and location of 
the prior NDT indications. 

The nondestructive inspections accomplished in this program 
revealed characteristic indications only in test panel No e 6 (radiographic 
high-density indication). The radiographic film of test panel No. 6 indi- 
cated the exact location on the test panel where test specimens should be ob 

tained. The test specimen locations on test panels No. 7 through 9 were speci- 
fied in accordance with the characteristic locations obtained from the chamber 

SN 001 fabrication log book. 

Microstructural examinations and hardness transverses were 

accomplished on six planes, each, of test panels No. 6 through 9 prior to 
mechanical property testing, except for panel No. 6. Only three planes were 
examined on panel No. 6 prior to mechanical property testing to conserve as 

much of the "flaw" area as possible for specimen testing. 

a. Examination of Test Panel No. 6; High-Density Indication 

The radiographic high-density indication is about 2.5 in. 

(6.35 cm) long by 0.06 in. (1.52 mm) 
nugget and the parent material, parallel to the weld contour. Magnetic par- 
ticle inspections showed an indication identical in size and location as the 
"more dense" area shown radiographically. 
was observed with clarity on the back (ID) surface of the panel. 

wide located at the junction of  the weld 

The magnetic particle indication 
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1II.C. Results and Discussion of Results (cont) 

The location of the three initial section planes on 

test panel No. 6 and the locations of the microstructural examinations on these 
planes are shown in Figure 10. The layout of specimens in the high-density 

area and all six planes of microstructural examinations are shown in Figure 11. 
Photographs of the macro and microstructure on the six planes of examinations 

are provided in Figures 12 through 16. No foreign material, cracks, porosity, 
seams, or other defects were observed in the sections. However, an unusual 

condition was observed (planes 1 and 2 ,  Figures 12 and 14) in the heat- 
affected zone where the radiographhad shown a crescent of dense material, 

The condition is a band 0.030 to 0.050 in. (0.76 to 1.27 mm) in width per- 
pendicular to the plate surfaces and extending through the plate thickness, 
The microstructure within the band showed what 1s interpreted to be an area of 
extensive austenite reversion. The phases present are normal and are found in 

all heat-affected zones adjacent to welds. But the extent of the transition 
zone from unaffected parent [maximum exposure temperature 900 to 950°F (756 to 
784"K)I to resolution annealed and transformed material [minimum temperature 

of exposure 1350°F (1006"K)I is much more in the test panel No. 6.indication 
areas than in "normal" areas of test panel No. 6 (Figure 13, photos 6 - l ( 4 )  and 

6-3) or others, e.g., test panel No. 8, Figure 17. 

Although austenite reversion is normally detected by 

magnetic particle examinations, and was in test panel No. 6, detection by 
radiographic inspections has not been reported. The unique orientation and 

extent of the particular reverted zone might account for its being radiographi- 
cally detectable. During abrasive grinding and polishing of section planes 1 
and 2, loose abrasive particles accumulated over the austenite band that dup- 
licates the type of indication that would be obtained in magnetic particle 
inspection (austenite is weakly magnetic compared with the surrounding martew 
sitic structures). It is therefore expected that the indication noted by 
nondestructive inspections of test panel No. 6 was caused by a band of reverted 

austenite. The abnormal dimensions and extent of the band were probably a 
result of the extensive repair welding accomplished in the area. 
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1 I I . C .  Resu l t s  and Discussion of Resu l t s  (cont) 

Microhardness traverses were made through t h e  indica- 

t i o n  and a l s o ,  o u t s i d e  t h e  i n d i c a t i o n .  A photograph of t h e  hardness t r a v e r s e  

made on p l ane  1 through t h e  i n d i c a t i o n  i s  shown i n  Figure 18. Panel No. 6 

hardness traverses are shown as t y p i c a l  values  i n  Figures 1 9  and 20. 

After  completion of t he  mic ros t ruc tu ra l  examinations, 

t h e  flaw region w a s  l a i d  out f o r  mechanical property determinations (Figure 

11). Centers of test  gages o r  notch planes were located i n  t h e  flaw. The 

tes t  r e s u l t s  are t abu la t ed  i n  Table 8 with p e r t i n e n t  d a t a  t o  compare t h e  per- 

formance wi th  normal material. Two t e n s i l e  specimens were loca ted  t o  include 

t h e  flaw i n  t h e  gage c e n t e r .  One specimen f a i l e d  i n  the  flaw region and t h e  

o t h e r  f a i l e d  i n  t h e  weld, about 0.5 i n .  (1 .27  cm) from t h e  flaw (Figure 1 2 )  

with similar t e n s i l e  p r o p e r t i e s  and a t  about t h e  same s t r e n g t h  and reduct ion 

i n  area va lues  as obtained i n  repair  weld specimens. However, t ens i l e  elonga- 

t i o n  w a s  about 25% lower than normal r e p a i r  welds. Comparing t h e  flaw region 

p r o p e r t i e s  with parent  m e t a l  from t h e  same hea t  (panel No. 4 ,  p l a t e  2CA, Table 

8) shows f law region s t r e n g t h  l e v e l s  t o  be about 10% lower. The parent  material 

i n  t es t  panel  No. 6 from t h e  P l a t e  2CB opposi te  t h e  flaw showed t e n s i l e  proper- 

t ies similar t o  those f o r  t he  same h e a t  from test panel No. 4 ,  P l a t e  2CB (Table 

S), i n d i c a t i n g  t h a t  l o c a l  hea t  treatment anomalies were not  responsible  f o r  t he  

condi t ion.  

Toughness comparisons are d i f f i c u l t  because of t h e  l i m i t e d  

tests t h a t  could be performed i n  t h e  s m a l l  area and the  problem of confining t h e  

crack t o  the f law region.  The s i n g l e  precracked Charpy impact va lue  i n d i c a t e s  

a toughness level a s soc ia t ed  wi th  heat-affected zones, i . e . ,  higher  than parent  

m e t a l ,  In  t h e  s i n g l e  notched bend specimen the  f a t i g u e  crack growth from the  

machined notch deviated by 0 . 2  i n .  (0.51 cm) from t h e  plane of t h e  notch and 

w a s  no t  uniform i n  depth.  Hence, t he  ca l cu la t ed  GIc value i s  quest ionable .  
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1II.C. Results and Discussion of Results (cont) 

From the metallurgical examination it is expected that 

the flaw region of the test panel No. 6 would behave in a manner similar to 
heat-affected zones as encountered adjacent to repair welds, that is, with 

slightly reduced strength and slightly increased toughness. 

Representatives of International Nickel Company, Incor- 

porated, Republic Steel Corporation, and Allegheny Ludlum Steel Corporation 
were contacted to determine if they had radiographically detected any reverted 

austenite bands. None could recall detecting localized austenite regions; how- 
ever, the orientation of the flaw and its association with a weld would not 

normally be experienced by the producer of basic materials. It is expected 
that it would not be difficult to reproduce the structure, establish its detec- 

tability, and completely describe its local phase and compositional charac- 

teristics. 

b. Examinations of Test Panels No. 7, 8, and 9 

Sections transverse to the welds in test panel No. 7, 

8, and 9 were made on s i x  planes (Figure 21). The microstructural characteris- 

tics of the weld, heat-affected zone, and parent metal were examined and found 

to be normal for the alloy and fabrication history of the sections. Micro- 

structures were similar to that found in the standard automatic production weld 
(Task 111). 
sections are shown in Figures 22 through 30 for test panels No. 7, 8, and 9. 

The macrostructural features of normal, high quality fusion weld 

Satisfactory geometry, porosity, and crack free weld deposits were obtained 

and evidence of any condition that might have caused 
ghost-type niagnetic particle indications was not observed. 

the prior ultrasonic and 
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1II.C. Results and Discussion of Results (cont) 

The results of the hardness trav 6es accomplished on 
the test panels No. 7 ,  8, and 9 are shown as typical values in Figures 31 and 
32. Figure 31 shows typical mid-thickness microhardness traverses with typi- 

cal standard automatic weld (test panel No. 1) microhardness values for com- 
parison. The hardness values obtained are within the range expected and any 

abnormal conditions were not observed. 
converted to R are tabulated in Tables 9 through 11, respectively. 

The Knoop microhardness measurements 

C 

After completion of the microstructural examinations, 
tensile, PC1 and SNB specimens of test panels No. 7 ,  8, and 9 were prepared 
and tested. The test results are shown in Tables 12 through 14, respectively. 
The 0.2% offset yield strength values of the unrepaired welds are comparable 
with the values of test panel No. 1 standard production automatic weld [average 
222,100 psi (153,140 N/cm ) vs 221,000 psi (152,380 N/cm ), respectively]. 

Also ,  the average plane stress (W/A fracture toughness) was very similar to 
the standard production automatic weld [1190-in.-lb/ine2 (20.82 J/cm ) vs 1305 
in.-lb/ine2 (22.84 J/cm ) ] ,  respectively. Test panels No. 7 ,  8, and 9 average 
plane strain fracture toughness (Grc) values calculated using the Bueckner 

analysis and maximum load showed reasonable correlation with the standard 
production automatic weld [279 vs 357 in.-lb/in.* (4.88 vs 6.25 J/cm ) I  
respectively. However, the difficulty encountered in growing the Task V 
planer fatigue cracks resulted in crack depths deeper than desired (refer to 

Sections III.B.2. and III.C.9.). 

2 2 

2 

2 

2 

6. Measurement of a Thin Spot (Task VI) 

A thin area in the chamber cylinder section was observed 

during final visual inspection of the chamber SN 001 prior to the SL-1 hydro- 
static proof test. The thin area resulted from an electric arc burn when an 

electric cable short circuited against the exterior of the case. Inspection 
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1II.C. Results and Discussion of Results (cont) 

records reported the thickness to be 0.560 in. (1.42 cm) after blending the 
thin area by grinding. Thickness measurements obtained by ultrasonic tech- 
niques prior to strain gage installation in the thin area for SL-1 and SL-3 
hydrostatic proof tests were 0.560-in. (1.422 cm) and 0.552 in. (1.402 cm), 
respectively. 

The thickness in the thin area of test panel No. 10 (Table 
1) was determined using the Sperry Reflectroscope equipment similarly used to 
determine the thickness prior to the SL-3 proof test. Initially, the thin 
area [about 0.675 in. (1.714 cm)-dial was located using the Sperry UM-700 
Reflectoscope; and, the thickness was determined to be 0.575-in. (1.460 cm). 
A s  a cross-check, the thickness was again inspected ultrasonically with the 

Bronson Sonoray-30 Unit and was found to be 0.570-in. (1.448 cm). After com- 

pletion of the ultrasonic thickness inspections, the test panel was sectioned 
through the thin area. Then, the thickness was inspected using a standard 

micrometer with pointed anvils. The thickness measurements obtained in and 
adjacent to the thin area are shown in Figure 33. The minimum thickness of 
0.565-in. (1.435 cm) obtained with the micrometer is 0.005-in. 

0.010-in. (0.254 mm) less than that determined ultrasonically with the Bronson 
Sonoray-30 and UM-700 Reflectoscope equipment, respectively. Also, the mini- 
mum micrometer indication was 0.005-in. 
measurement determined ultrasonically during production final inspection and 

(0.127 mm) and 

(0.127 mm) more than the thickness 

prior to SL-1 proof test. 

The Rockwell C (Rc) microhardness values measured through the 
thickness of the thin area are shown in Figure 34 and are compared with the 

standard production weld traverses taken along the ID, OD, and mid-thickness 
across the weld. The Knoop hardness values converted to Rockwell C through 

the thin area are provided in Table 15. 
to 50 and did not indicate any adverse effect on the parent metal from the 

electric arc burn. 

The Rockwell C values varied from 48 
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1II.C. Results and Discussion of Results (cont) 

7. Metallurgical Evaluation of Hot -2ots (Task VI 

The hot areas on the chamber cylinder ranged from slight 

paint discoloration to complete deterioration of the paint. A typical area 

is shown in Figure 35. Prior to SL-3 motor firing, the exterior surface of 
the chamber was covered with two coats of zinc chromate primer (MIL-P-8585) 
and two coats of white lacquer (TT-L-32). 

The hot spot test panels No. 11 and 12 (Table 1) were removed 
from the chamber cylinder section such that both the heat-affected and un- 
affected areas were contained in each panel (Figures 36 and 37) .  

hardness survey using a portable hand-operated hardness tester was made on 
the test panels to identify the heat-affected and unaffected area of  the 

panels. A layout of the test specimens in both the heat-affected and un- 
affected areas and the surface hardness indications are shown in Figures 38 

and 3 9 ,  

A limited 

Test panels No. 11 and 12 were examined by metallographic 

analyses and hardness traverses within and without the hot spot regions. The 
microhardness traverses (Table 16, Figures 40 and 41) indicate decreases in 
hardness levels from R 4 7 / 4 9  in the unaffected regions to Rc 31/39 in 
the hot areas. Microstructural changes were most evident in test panel No. 11. 

The photomacrograph of Figure 4 2  shows a section through the hot area of panel 
No. 11. Figure 43 shows microstructural features at various positions in the 

section. 
and grain growth has occurred, particularly in segregate bands, near the ID 

surface. Microstructural changes of this type were observed to a depth of 

about 0.030 in. (0.76 mm) 
In the cooler regions, recrystallization had not occurred as indicated by the 

severely distorted and elongated grain structure characteristic of the original 

C 

The upper-left region 22 of Figure 43 shows that recrystallization 

in regions that reached the highest temperatures. 
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plate (compare Figure 43 with Figure 44). 
as evidenced by the si 

test panel go. 12, evidence of recrystallization and grain growth was not 
observed (Figure 45); howeverB the hardness traverses and mechanical property 

test results indicate that dcrostructural conditions similar to those ob- 
served in test panel 80. 11 would be found at some location within the hot 
area. 

However, over-aging had occurred 

ificant hardness drop, In the section examined from 

Grain size measurements showed that in test panel No. 12, 
Test panel No. 11 was finer-grained, the average grah size was ASTPl 6-8, 

measuring ASm 7-8 or finer in the unaffected portions. 
bands near the hot area ID surface, where grain growth had occurred, the grain 

In the segregate 

6 ,  Inclusion ratings obtained in examination of test panels 
No. 11 and 12 are shown fn Table 17. 

To estimate the range of temperature exposure of the metal 
wall within the hot spot regions, data from Decker and Floreen (Reference 9)  

were plotted in Figure 46. 
hot areas indicate that the minimum exposure temperature was 1200°F (922"K), 

The occurrence of recrystallization and grain growth near the ID surface in 
panel No. 11 indicated that temperatures reached 1700°F (1200°K) in this 
region, Therefore, it is estimated that the metal wall in the hot regions 
experienced temperatures of about 1700°F (1200°K) near the ID, to 1200°F 

(922°K) P~LPP the OB surfaces. 

The hardness range for the panels No. 11 and 12 

The exposure time was probably not long. 

The mechanical properties of the normal and hot regions - are 

Strength reductions occurred about 30 and 40% in ten- compared in Table 18. 
ate and yield strength, respectively, on the basis of mid-plate, 

O,252-%n, (00,640 cm)-dia specimen tests. The qualitative toughness values, 
calculated using the Buecher analysis and maximum loads9 indicate greater 

toughness in the hot spot regions as compared with the normal, unaffected 

material e 
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1II.C. Results and Discussion of Results (cont) 

Softening occurs in the 18% nickel maraging steel from the 
formation of austenite from Eartensite when the alloy is exposed to the tem- 
perature range between the normal aging temperature, about 900°F (755"K), 

and the transformation temperature, about 1350°F (1006°K) (References 9,  10, 

and 11). The reversion to austenite is in accordance with the equilibrium 

diagram for the iron-nickel system. Martensite, a non-equilibrium form pro- 
duced by cooling from the austenite region above 1350°F (1006"K), is stable 

at room and moderate temperatures but with higher temperature becomes increas- 
ingly unstable and reverts to the equilibrium state, austenite plus ferrite. 

The reversion reactions are time-temperature dependent and are of practical 
concern in the temperature range of 950 to 1350°F (785 to 1006 OK). The aus- 

tensite formed during the reversion reaction is enriched in nickel and hence, 

stable upon subsequent cooling to room temperature and can only be eliminated 
by heating above the transformation temperature, 1350°F (1006"K), i.e., solu- 

tion annealing. Subsequent cooling will then produce the soft martensitic form 
that can be hardened by aging treatments. 

tite reversion, to some degree, and resolution annealing occurred in the hot 
regions of test panels No. 11 and 12. 

Apparently, over-aging with austen- 

8 .  Tensile Properties 

The results of room temperature tensile tests performed on 

samples removed from SL-3 chamber test panels No. 1 through 9, 11, and 12 are 
presented in Table 19. The average tensile ultimate and yield strengths of 

the parent plate materials are given in Table 20 and compared with the heat- 

treatment test coupon and characterization test data for the same plates, heats, 
and grain orientations. 

47.  
t o  255,000 psi (165,480 to 175,822 N/cm ) and a yield strength level of 220,000 

to 245,000 psi (152,000 to 169,000 N/cm ), are about 5,000 psi (3,450 N/cm ) 

These data are presented in bar chart form in Figure 

The SL-3 specimen tests results, with an ultimate strength level of 240,000 
2 

2 2 
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III.C, Results and Discussion of Results (cont) 

2 higher than the heat-treat coupon results and about 15,000 psi (10,340 N/cm ) 

higher than the characterization test results. 

difference previously observed between tensile values of specimens heat-treated 

using laboratory time-temperature cycles (characterization data) and those 

The SL-3 data confirm the 

heat-treated with the chamber 
heat-up and cool-down periods 
was previously reported to be 

(Reference 5, Figure 177). 

in the large maraging furnace that involved long 
(Reference 5). The observed difference in strength 

6,000 to 17,000 psi (4,140 to 11,720 N/cm ), 2 

The average tensile ultimate and yield strengths of weld 

joints are given in Table 21. 
repaired and repaired for comparison purposes. 

8 ,  and 9 were not repair welds and hence, had strengths equivalent to the 

standard, automatic production weld of test panel No. 1, and, equivalent to 
the heat-treat coupon results. The repair welds of test panels No. 3 and 4 

had strengths below the production weld but slightly above the strengths for 
repair heat-treat coupons. 

Weld properties should be grouped as non- 

Welds in test panels No. 7, 

The test panel No. 5 repair area was characterized by a large 

amount of spherical porosity. 

strength but on localized ductility. Specimen No. 5-2 (Table 19), with ex- 
tensive porosity, demonstrated nominal repair weld strength but extreme de- 

creases in elongation, 3 from 12%, and reduction area, 5 from 50%. However, 
these ductility values are for a 0.25-in. (0.635 cm) test section in the 

center of a 0.6-in. (1.52 cm) thick plate and therefore may not be repre- 
sentative of other positions through the thickness or of the performance that 

might be obtained in a full plate thickness specimen. 

The primary effect of such porosity is not on 
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1 I I . C .  Resu l t s  and Discussion of Resu l t s  (cont) 

The tes t  panel  No. 2 weld w a s  a burnthrough caused by a n  

i n t e r r u p t i o n  of t h e  welding head c i r cumfe ren t i a l  traverse and a dwell of t h e  

arc.  However, t h e  s t r e n g t h  reduct ion  w a s  no t  as much as observed i n  t h e  mul- 

t i p l e  r e p a i r  welds of test panels  No. 3 and 4 .  Panel No. 2 had one r e p a i r .  

Panels  No. 3 and 4 had fou r  and seven r e p a i r s ,  r e spec t ive ly .  S t rength  l e v e l  

i s  then observed t o  decrease wi th  increas ing  r e p a i r s  [ t e s t  panel  No. 2 - 
218,000 and 210,000 p s i  (150,310 and 144,800 N / c m  ) ;  tes t  panel No. 3 - 
211,000 and 207,000 p s i  (145,480 and 142,730 N / c m  ) ;  test panel  No. 4 - 
201,000 and 194,000 p s i  (138,590 and 133,760 N / c m  ) ] .  The l imi t ed  da ta  

(Reference 6 ,  F igure  89) i n d i c a t e  a s imilar  t rend i n  r e p a i r  welds f o r  two 

weld f i l l e r  wire hea t s .  

2 

2 

2 

A graphica l  comparison of weld j o i n t  t e n s i l e  s t r e n g t h  f o r  

SL-3 specimens, hea t - t r ea t  coupons, and cha rac t e r i za t ion  tests i s  presented 

i n  bar  c h a r t  form (Figure 48). 

9.  F rac tu re  Toughness P rope r t i e s  

The r e s u l t s  of t h e  precracked Charpy impact tests of tes t  

panels  No. 1 through 9 are shown i n  Table 22.  Charac te r iza t ion  d a t a  are in- 

cluded f o r  comparison purposes. Impact specimens were no t  included during 

motor case heat- t reatment;  hence, an  estimate of t h e  impact level  expected 

i n  t h e  motor case was made on t h e  b a s i s  of l imi t ed  d a t a  presented (Reference 

5 ,  page 128) .  General ly ,  t h e  SL-3 average parent  material precracked Charpy 

impact level  was 13% lower than t h e  cha rac t e r i za t ion  da ta ,  which would be  

expected because t h e  a c t u a l  SL-3 s t r e n g t h  leve l  w a s  about 15% higher  than 

t h e  c h a r a c t e r i z a t i o n  s t r e n g t h  level .  An est imated average impact toughness 

va lue  f o r  hea t - t r ea t  coupon impact specimens would be  15% lower than t h e  

cha rac t e r i za t ion  level .  Therefore,  t h e  SL-3 parent  p l a t e  precracked Charpy 
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1II.C. Results and Discussion of Results (cont) 

impact levels are within the range expected. 
cate that the average impact levels decrease with increasing strength level, 

within the range of the heats tested; and, that transverse values are lower 

than longitudinal values (Figure 4 9 ) .  These observations agree with those 
reported (Reference 12, Figure 40,  and Reference 5, Figure 15). 

These limited data also indi- 

Weld precracked Charpy impact toughness values were in the 
range expected, averaging about 15% more than parent material. Heat-affected 
zone precracked impact toughness values were too limited in quantity to evalu- 
ate. 

Slow-notch-bend test results for test panels No. 1 through 
9, 11, and 12 are presented in Table 23. Average slow-notch-bend test results 

are presented for plate material in Table 24 and for weld joints in Table 25. 

A qualitative comparison of weld toughness was attempted 

using the well defined maximum load (P,) and the Bueckner analysis (Section 

III.B.2.). 

(Table 26) to enable comparison of unrepaired welds with repair welds. The 
unrepaired welds have G 

2 to 6.65 J/cm ) (test panels No. 1, 7 ,  8 ,  9), while repair welds have GIc values 
in the range of 310 to 450 in,-lb/in. ( 5 . 4 2  to 7.88 J/cm ) (test panels No. 2, 

through 5). The trend of decreased toughness with increased.strength shown 
in these results is in good agreement with the corresponding panel weld strength 

level trend. 

These calculations are included in the weld toughness summary 

values in the range of 250 to 380 in.-lb/in.2 ( 4 . 3 8  IC 

2 2 

Where fatigue cracks of the desired depth, uniformity, and 

flatness were obtained in normal parent material specimens (panels No. 1, 

11, and 12),  good correlation of the SL-3 specimen.test results with heat- 
treat coupon test results was obtained (Table 27) .  

tained between the GIc values calculated using spring constant and Bueckner 

methods for these panels. 

Correlation was also ob- 
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IV a CONCLUSIONS 

The tensile properties, fracture toughness properties, and material 

microstructural examinations obtained from investigation of test panels from 
the SL-3 (SN 001) 260-in. (6.6 m) motor chamber cylinder section were repre- 
sentative of the characteristics that were expected on the basis of results of 
material characterization and process evaluations accomplished prior to the 
start of chamber fabrication. 
gram show that acceptable parent material and weld properties were obtained 

and that future chamber fabrication using the same material and fabrication 
techniques should produce similar results. 

The results of the investigations in this pro- 

The general trend of strength increase and reduction of fracture tough- 
ness resulting from the extended heat-up and cool-down portions of the produc- 

tion maraging temperature-time cycle (as compared with the rapid heating and 
cooling of the prior material characterization) was confirmed by the results 

obtained in this program. As an example, the 0.2% offset yield strength of 
chamber cylinder plate 4CB (test panels No. 1 and 5) varied from 239,000 to 

2 243,000 psi (164,790 to 167,550 N/cm ). The yield strengths of plate 4CB 
heat-treat coupons maraged with the chamber and material characterization 

specimens were 235,000 psi (162,030 N/cm ) and 225,000 to 227,000 psi (155,140 2 

2 to 156,520 N/cm ), respectively. Any future material characterization pre- 
ceding 18% Ni maraging steel chamber fabrication should be accomplished using 

the long heat-up and cool-down part of the maraging cycle that would be repre- 
sentative of the actual production heat-treatment. 

The 18% nickel steel weld strength and fracture toughness are signifi- 
The welding heat input of manual cantly influenced by subsequent weld repairs. 

weld repair reduces the strength and increases the toughness of the weld in 

comparison with the unrepaired weld. 
program, each additional repair further reduces the strength and increases 
the toughness. The effect of manual weld repair is generally dependent on 

On the basis of data developed in this 
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I V .  Conclusions (cone) 

opera tor  s k i l l  and technique. Average s t r eng th  reduct ions of 2.5, 5 ,  and 9% 

could be  expected i n  areas of 1, 4, and 7 overlapping manual r e p a i r s ,  respec- 

t i v e l y  e 

2 The average y i e l d  s t r e n g t h  of 215,000 p s i  (148,240 N / c m  ) i n  t h e  test 

panel No. 5 area of poros i ty  w a s  wi th in  t h e  range expected f o r  one weld r e p a i r .  

A s i n g l e  0.25-in. (0.635 em)-dia t e n s i l e  specimen f a i l e d  a t  an area of s ig-  

n i f i c a n t  amount of pores  loca ted  wi th in  t h e  gage length of t h e  specimen. The 

y i e l d  s t r e n g t h  w a s  lower [207,000 p s i  (142,730 N/cm ) ] than  any o ther  specimen 

from t h e  same area and both e longat ion  and reduct ion of area w e r e  severe ly  

reduced. However, genera l  conclusions regarding t h e  e f f e c t  of poros i ty  on 

t h e  mechanical p r o p e r t i e s  of t h e  weld cannot be made because the  p rope r t i e s  

obtained i n  an 0.25-in. (0.635 cm)-dia specimen from the  cen te r  of t h e  p l a t e  

thickness  are not  necessa r i ly  r ep resen ta t ive  of t h e  p rope r t i e s  t h a t  would be 

obtained i n  a f u l l  p l a t e  thickness  specimen from t h e  same area. 

2 

Q u a l i t a t i v e  a n a l y s i s  by mic ros t ruc tu ra l  examination of t h e  radiographi- 

c a l l y  de tec ted  "high-density" ind ica t ion  i n  t h e  heat-af fec ted  zone adjacent  t o  

an area of mul t ip l e  weld r e p a i r  shows t h a t  t h e  ind ica t ion  w a s  caused by a band 

of rever ted  a u s t e n i t e  about 0.030 t o  0.050-in. (0.076 t o  0.127 cm) i n  width 

o r i en ted  e s s e n t i a l l y  perpendicular  t o  t h e  p l a t e  sur face  and extending through 

t h e  p l a t e  thickness .  

t h e  ex tens ive  manual r e p a i r  accomplished i n  the  area. The e l ec t ron  micro- 

probe a n a l y s i s  and X-ray d i f f r a c t i o n  would be required t o  q u a n t i t a t i v e l y  

i d e n t i f y  t h e  chemical composition and phases present  i n  the  "high-density" 

band. 

than normal parent  m e t a l  from t h e  s a m e  hea t .  

a t e d  (or any s i m i l a r  a r ea )  would be expected t o  e x h i b i t  p rope r t i e s  similar t o  

t h e  heat-affected zone ad jacent  t o  an area of mul t ip l e  weld r e p a i r ,  except 

that t h e  t e n s i l e  e longat ion would be  s i g n i f i c a n t l y  lower. 

The band of rever ted  a u s t e n i t e  w a s  probably caused by 

The t e n s i l e  p rope r t i e s  i n  t h e  "high-density" area w e r e  about 10% lower 

The "high-density" area evalu- 
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I V .  Conclusions (cont) 

The p r i o r  u l t r a s o n i c  and magnetic p a r t i c l e  i n d i c a t i o n s  were not  ob- 

served i n  test panels  No. 7 ,  8 ,  and 9. The mechanical p r o p e r t i e s  of t h e  weld 

were similar t o  t h e  s tandard automatic weld. Mic ros t ruc tu ra l  examinations i n  

the  area of t h e  p r i o r  i n d i c a t i o n s  d id  no t  reveal any condi t ion t h a t  would lead 

t o  conclusions as t o  t h e  cause of t h e  p r i o r  i n d i c a t i o n s .  

Measurement of t h e  t h i n  spot  a t  an area of an e l e c t r i c - a r c  burn i n  

panel No. 10 by two u l t r a s o n i c  systems r e s u l t e d  i n  a measured thickness  of 

0,010-in. (0.254 mm) more than the  thickness  determined with a micrometer 

with pointed a n v i l s .  It should no t  b e  concluded t h a t  t he  accuracy obtained 

i n  t h i s  i n v e s t i g a t i o n  is  n e c e s s a r i l y  r e p r e s e n t a t i v e  of t h a t  obtained i n  any 

u l t r a s o n i c  in spec t ion  of 0.60-in. (1.524 cm) t h i c k  s tee l  because t h e  accuracy 

i s  dependent on t h e  equipment used and t h e  c a l i b r a t i o n  of t h e  equipment. There 

w a s  no apparent e f f e c t  on t h e  p l a t e  material hardness caused by t h e  e l e c t r i c -  

arc burn. 

The mechanical property d a t a ,  microhardness d a t a ,  and mic ros t ruc tu ra l  

examinations obtained i n  t h e  ho t  areas of panels  No. 11 and 1 2  showed t h a t  

t h e  material  had experienced a temperature g rad ien t  varying from about 1700'F 

(1200°K) a t  t h e  I D  s u r f a c e  t o  about 1200°F (922OK) a t  t h e  OD su r face .  A band 

about 0,030-in. (0 .762  mm)-thick from t h e  I D  su r f ace  showed g r a i n  growth 

c h a r a c t e r i s t i c s  t y p i c a l  of r e s o l u t i o n  annealed mater ia l ,  The material through 

t h e  thickness  of t h e  hot-spot area va r i ed  from r e s o l u t i o n  annealed t o  s i g n i f i -  

can t ly  over-aged cond i t ions ,  

Page 37 



NASA CR 72676 

LIST OF REFERENCES 

1. Aerojet  Report HTR-1, Hydrostat ic  T e s t  of 260-SL-1 Motor Chamber and 
Nozzle She l l ,  dated 1 2  May 1965 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Aerojet  Report NAS3-6284 FT-5, S t a t i c  T e s t  F i r i n g  of Motor 260-SL-1, 
dated 25 October 1965 

Aerojet  Report NAS3-7998HTR-1, Hydrostat ic  T e s t  of 260-SL-3 Motor Chamber 
and Nozzle Shell, dated 11 November 1966 

Aerojet  Report NASA CR-72284, F i n a l  Phase Report, 260-SL-3 Motor Program, 
Vol. I V :  - Sta t i c  T e s t  F i r i n g  of Motor 260-SL-3, dated 31 J u l y  1967 

Aerojet  Report NASA CR-72126, 260-Inch-Diameter Motor F e a s i b i l i t y  Demon- 
s t r a t i o n  Program, Vol. V: 
c a t i o n  of 18 Percent-Nickel S t e e l ,  Appendix B: 
Evaluation Program," dated 8 A p r i l  1966 

260-SL Motor Chamber and Nozzle S h e l l  Fabri- 
"Material and Process 

Aerojet  Report NASA CR-72126, 260-Inch-Diameter Motor F e a s i b i l i t y  Demon- 
s t r a t i o n  Program, Vol. V: 260-SL Motor Chamber and Nozzle She l l  Fabri- 
c a t i o n  of 18 Percent-Nickel Maraging S t e e l ,  dated 8 Apr i l  1966 

Aerojet  Report NASA CR-72126, 260-Inch-Diameter Motor F e a s i b i l i t y  Demon- 
s t r a t i o n  Program, Vol. V: 
c a t i o n  of 18 Percent-Nickel Maraging S t e e l ,  Appendix c: "Material 
Charac t e r i za t ion  Reports," dated 8 A p r i l  1966 

260-SL Motor Chamber and Nozzle S h e l l  Fabri- 

Aerojet  Report NASA CR-72126, 260-Inch-Diameter Motor F e a s i b i l i t y  Demon- 
s t r a t i o n  Program, Vol. V: 
- c a t i o n  of 18 Percent-Nickel Maraging S t e e l ,  Appendix A: 
Spec i f i ca t ions , "  dated 8 A p r i l  1966 

260-SL Motor Chamber and Nozzle She l l  Fabri- 
"Program 

Decker and Floreen,  "Effect of Overheating Aged 18% Nickel Maraging 
S t e e l , "  Transact ion - ASM, Vol. 55, page 526 (1962) 

Anon., "Problems i n  t h e  Load Carrying Applicat ions of High-Strength 
S t e e l s , "  DMIC Report 210, Batelle Memorial I n s t i t u t e ,  pp 180, dated 
October 1964 

Anon., "18% Nickel Maraging S tee l s , "  Data B u l l e t i n ,  The I n t e r n a t i o n a l  
Nickel Company, Inc. ,  pp 6 ,  dated November 1964 

12. Aerojet  Report ML-TDR-64-115, Evaluation of Hip,h Nickel S t e e l  f o r  
Applicat ion i n  LarRe Booster Motor Fabr i ca t ion ,  A i r  Force Materials 
Laboratory, Research and Technology Divis ion,  A i r  Force System Command, 
dated Apr i l  1964 

Page 38 



TABLE 1 

STRUCTURAL AND METALLURGICAL EVALUATION TEST PANELS 

Pane 1 
No. Location 

Location 
Reference Charac t e r i s t i c  Descr ipt ion Charac t e r i s t i c  Locat ion 

1 Longitudinal  weld W4CB; Log Book, Production automatic  weld. NIA 
7 in .  (17.8 cm) through V O l .  I, 
37 in .  (94.0 cm) a f t  of Sect ion E 
WG-8 a t  270'. 

2 G i r th  weld WG-8, 6.5 i n .  Report Weld burnthrough where Gi r th  weld WG-8, 21.5 i n .  
(16.5 cm) through 36.5 i n .  NAS3-6284 turn ing  r o l l s  stopped. (54.6 cm) from W3CB. 
(92.7 cm) from W3CB, 180 - HTR-1 

w 270' quadrant. 
P, 
OQ 
ID 
P 

0 m 

3 Longi tudinal  weld W3CA, from SDAR Four overlapping weld 4 r e p a i r s  - 6 in.(15.2 cm) from WG7 
WG-7 through 30 i n .  (76.2 cm) 0125 r e p a i r s .  Panel  inc ludes  4 r e p a i r s  - 11 in.(27.9 cm) from WG7 

2 sepa ra t e  areas of 4 1 r e p a i r  - 17 in.(43.2 cm) from WG7 a f t  of WG-7 a t  0' .  
r e p a i r s  each. 3 r e p a i r s  - 22 in . (55.9 cm) from WG7 

y1 4 Longidudinal weld W2CA, 68 i n .  SDAR Seven overlapping weld 4 r e p a i r s  - 75 in .  (190.5 cm) from WG9 
(172.7 cm) through 98 i n .  0106 r e p a i r s .  Panel  inc ludes  4 r e p a i r s  - 83 in.(210.8 cm) from WG9 
(248.9 cm) a f t  of WG-9, a t  0 ' .  1 area of 7 r e p a i r s ,  2 7 r e p a i r s  - 88 in.(223.5 cm) from WG9 

3 r e p a i r s  - 95 in.(241.3 cm) from WG9 

p3 

sepa ra t e  areas of 4 
r e p a i r s  each, and one 
area of 3 r e p a i r s .  

5 G i r th  weld WG-8; 113 in .  SDAR Mul t ip le  s c a t t e r e d  Worst poros i ty  loca ted  128.5 i n .  
(287.0 cm) through 143 i n .  0116 sphe r i ca l  porosity-max. (326.4 cm) from weld W4CA. 
(287.0 cm) from weld W4CA, cav i ty  d i a  - 0.050 i n .  
0-90' quadrant. (1.27 mm); avg. cav i ty  d i a  

= 0.025 (0.64 mm) i n . ;  min. 
cav i ty  separa t ion  - 0.010 
i n .  (0.25 mm) 

6 Longi tudinal  weld W2CB; 28 i n .  SDAR High dens i ty  ind ica t ion  High dens i ty  ind ica t ion  loca ted  43.5 
(71.1 cm) through 58 i n .  0131 i n  HAZ along area of weld i n ,  (110.5 cm) a f t  of WG-9. 
(147.3 cm) a f t  of WG-9; a t  180'. r e p a i r .  MPI i nd ica t ion  i n  

same area o f  chamber I . D .  

2 

4 
& 



TABLE 1 

STRUCTURAL AND METALLURGICAL EVALUATION TEST PANELS 

Panel 
No. Location 

Locat ion  
Reference C h a r a c t e r i s t i c  Descr ipt ion C h a r a c t e r i s t i c  Location 

7 Gi r th  weld WG-8, 49 through 87 Log Book, Shear wave u l t r a s o n i c  ind i -  60-100% amplitude,  60 t o  72 i n .  
in .  (221.0 cm) from 0' i n  t h e  VOl. I, ca t ions  varying from 60% t o  (152.4-182.9 cm) 100% amplitude,  
0-270' quadrant. Sect ion K 100% amplitude.  72 t o  84 i n .  (182.9-213.4 cm) 

from 0'. 

8 G i r t h  weld WG-10, 23 (58.4 cm) 
through 6 1  i n .  (154.9 cm) from 
W5CA; 0-90' quadrant. 

cd 
P, 9 Longi tudinal  weld W E B ,  37.5 t o  

67.5 i n .  (95.2-171.4 cm) a f t  of 09 
(D 

WG-6 , 270'. to 
0 
n, 
to 

10 P l a t e  5C-B, 4.5 (11.4 cm) through 
15 i n .  (38.1 cm) from WG-11 and 
142.5 (362.0 cm) through 157.5 in .  
(400.0 cm) from W5CB, 0-270' 
quadrant. 

Log Book, 

Sect ion K 
VOl. I, 

Log Book, 

Sect ion E 
IRN 596 

Vol. 1, 

SDAR 0179 
and Report 
NAS 3- 799 8- 
HTR-1 

Shear wave u l t r a s o n i c  ind i -  80% amplitude,  36 t o  48 i n .  
ca t ions  a t  80% amplitude. (91.4-121.9 cm) from 90' i n  WG-10. 

Ghost type MPI i n d i c a t i o n  MPI i n d i c a t i o n  loca ted  i n  area 
on I . D .  and O.D. a t  area approximately 50 t o  60 i n .  
of weld r e p a i r .  MPI records  (127.0-152.4 cm) a f t  of WG6. 
a f t e r  h y d r o s t a t i c  proof test 
i n d i c a t e  no i n d i c a t i o n s  
found i n  t h i s  area. 

Thin s p o t  i n  cy l inder  re- Cylinder p l a t e  5C-B, 7.5 i n .  
s u l t i n g  from e l e c t r i c  arc 
burn. Min. thickness  (381.0 cm) from W5CB. 
repor ted  i n  inspec t ion  
records is 0.560 i n .  
(14.22 mm). Kin. thick-  
ness  measured during SL-3 
hydro tes t  instrumentat ion 
i s  0.552 i n .  (14.02 mm) .  

(19.05 cm) from WG-11 and 150 i n .  

11 P l a t e  ZCA, 3.0 i n .  (7.6 cm) fwd Report Parent  p l a t e  h o t  spot  Heat a f f e c t e d  area i s  l o c a t e d  16  in .  
of WG-9 through 42 i n .  (106.7 cm) NASA r e s u l t i n g  from SL-3 post-  (40.6 cm) a f t  of WG-9 and 102 i n .  
a f t  of WG-9 and 87 (226.0 cm) CR-72284 f i r i n g  h e a t  soak. Rc hard- (259.1 cm) from W2CA i n  0-90' 
through 117 in .  (297.2 cm) from ness  readings i n  h e a t  quadrant,  
WZCA, 0-90' quadrant.  a f f e c t e d  area vary' from 

51.5 a t  t h e  edge t o  33.0 a t  
t h e  center .  

12 P l a t e  1C-A, 1 2  i n .  (30.5 cm) Report Parent  p l a t e  ho t  s p o t  . Heat a f f e c t e d  area is  loca ted  1 3  i n .  
through 82 in .  (208.3 cm) a f t  NASA r e s u l t i n g  from SL-3 post-  (33.0 cm) a f t  of WG-6 and 34 i n .  
of WG-6 and 19 i n .  (48.3 cm) CR-72284 f i r i n g  h e a t  soak. Rc (86.4 cm) from W l C A .  
through 49 in .  (124.5 cm) from hardness readings i n  h e a t  
WlCA, 90-180' quadrant.  a f f e c t e d  area vary from 

39.5 t o  50.5. 



NASA CR 72676 

TABLE 2 

WELD SEAM W4CB CHARACTERISTICS 

F i 11 er Wire - .062-in (1.57 mm)-dia 

Elect rode - 2% t h o r i a  tungsten; 0.156-in. (0.39 cm) -d i a  

Torch Gas - argon; 30 f t  /hr  (0.84 m /hr )  flow 

Back-up Gas - argon; 30 f t  /hr  ( 0 . 8 4  m /hr) flow 

3 3 

3 3 

To ta l  Weld Passes - 12 

Root Pass  - 330 A M P S ;  10.5 v o l t s ;  5 in/min ( 3 . 4 5  cm/min) 
t r a v e l ;  60 in/min (41.4 cm/min) w i r e  feed 

F i l l e r  Passes - 370-372 A M P S ;  10.9-11.1 v o l t s ;  
8 in/min (5.5 cm/min) t r a v e l ;  
60 in/min (41.4 cm/min) w i r e  feed 

WELD CHARACTERISTICS 

Weld Seam Root Gap (Fit-Up) - 0.002 i n  (0.05 mm), 2 through 
6- in  (1.4 through 4.1 cm), a f t  o f  g i r t h  weld WG-8. 

Weld Seam Mismatch (Fit-Up) - 0.008 i n  (0.2 mm) 2 through 6 - in  
( 1 . 4  through 4.1 cm), and 0.006 i n  (1.5 mm), 17 through 26-in 
(11.7 through 17.9 cm), a f t  of g i r t h  weld WG-8. 

Weld Repairs .. No r e p a i r s .  

Magnetic P a r t i c l e  Inspec t ion  ( I D  & OD) - No ind ica t ions .  

U l t r a son ic  Inspec t ion  (Longitudinal & Shear Modes) - No indica-  
t ions.  

Radiographic Inspec t ion  - s c a t t e r e d  s p h e r i c a l  po ros i ty  w i t h i n  
s p e c i f i c a t i o n  l i m i t s .  

Radiographic Inspec t ion  Sca t t e red  Poros i ty  Acceptance L i m i t s  - 
Diameter of c a v i t y  - T / 5  (0.060 i n  (1.52 mm) UX. ) .  

Distance between cavi t ies  - l O D  (0.15 i n  ( 0 . 4  cm) min.) 
No, cavit ies p e r  inch of weld - 2 
Elongated c a v i t y  - unacceptable. 

a 



Specimen 

f. 
c3 

Characterization Data Heat-Treat Data 
n n (1) m 

C W/A C 2 i3 
(J/cm2) psi(N/cm ) ) (J/cm2) 3 

"N N b 

in.-lb/in.2 in.-lb/in.) Ftu in.-lb/in. 2 Ftu 
psi(N/cm ) 

E; 
3 Plate 4CB 233,000 224,000 42 8 1210 245,000 233 000 2 39 

(160,650) (154,450) (7.49) (21.18) (168,930) (160,650) (4.18) g 
Plate 4CB, HAZ - - 468 1656 - 

(8.19) (28.98) 

0 
c 0 3  

W cn 
0 

E - 
E E  * 

- 0 Weld, Long. 218,000 210,000 - 

Weld, Trans. 217,000 212,000 

(150,310) (144,800) 
o r  n 

P - g r n  398 89 8 233,000 226,000 T f "  
N (149,620) (146,170) (6.96) (15.72) (160,650) (155,830) N Q\ 

NOTES : (1) Calculated 

Units: Ftu = 
FtY = 
GNc = 
W/A = 

using Spring Constant Method, Proportional Limit Load (P,) 

Tensile ultimate strength 
0.2% offset yield strength 
Plane strain fracture toughness 
Plane stress fracture toughness 

w R 
8 
H 



GN (Spring 

Tens i le  Tens i le  
U 1  t i m a  t e2 yield-0.2% 

Location gsi(N/cm ) psi (N/cm2) 

P l a t e  4CB 251,000 243,000 
(173 060) (167 550) 

P l a t e  4CB, HA2 - - 

Weld, Long. 224,000 215,000 
(154,440 (148,240) 

Weld, Trans. 225,000 221,000 
(155,140) (152,380) 

G (Bueckner) C 

C 
Cons tan  t ) I 

W/A in -lb/in* 2 i n  
2 -1b / i n .  (J/ c&?) in . - lb / in .  (J/cm2) 

(J / cm2 1 PL(1) pM(3) 

971 22 7 174 294 
(16.99) (3.97) (3.04) (5.14) 

972 - 253 356 
(17.01) (4.43) (6.23) 

1305 182 35 7 
(22.84) - (3.18) (6.25) 

NOTES: (1) Calulated using Spring Constant Method, Propor t iona l  L i m i t  Load. 
(2) Calculated using Bueckner Analysis ,  Propor t iona l  L i m i t  Load. 
(3) Calculated using Bueckner Analysis,  Maximum Load. 

UNITS: W/A = Plane stress f r a c t u r e  toughness. 
GN,,GI, = Plane s t r a i n  f r a c t u r e  toughness. 



NASA CR 72676 

TABLE 5 

H A R D N E S S  MEASUREMENTS TRANSVERSE TO WELD W4CA IN PANEL NO. 1 

( h o o p  Hardness Converted t o  Rockwe l l  C )  ( 1 )  

Position 

I n c h  (mm) - 
0 0 

0.040 1.016 
0.080 2.032 
0.120 3.048 
0.160 4.064 
0.200 5.080 
0.240 6.096 
0.280 7.112 
0.320 8.128 
0.360 9.144 
0.400 10.160 
0.440 11.176 
0.480 12.192 
0.520 13.208 
0.560 14.224 
0.600 15.240 
0.640 16.256 
0.680 17.272 
0.720 18.288 
0.760 19.304 
0.800 20.320 
0.840 21.336 
0.880 22.352 
0.920 23.368 
0.960 24.384 
1.000 25.400 
1.040 26.416 
1.080 27.432 
1.120 28.448 
1.160 29.464 
1.200 30.480 
1.240 31.496 
1.280 32.512 
1.320 33.528 
1.360 34.544 
1.400 35.560 
1.440 36.576 
1.480 37.592 
1.520 38.608 

Hardness ,  Rc 

0.060 inch (1.524 mm) P l a t e  0.060 inch (1.524 mm) 
from I.D. S u r f a c e  Mid-Thickness from O.D. S u r f a c e  

P 44 
45 
47.5 
44 
47.5 
47.5 
45.5 
46.5 
47 
48  
49 
48  
46.5 
47 
47 
47 

W 46 
45 
45 
45.5 
46 
44.5 
45 
44.5 
45 
46.5 
46 
46.5 
45.5 

P 48 
48 
44.5 
47.5 
45 
45.5 
44.5 
45 
46.5 
46 

P 45 
44.5 
44 
44 
45.5 
46 
46 
46.5 
45.5 
44.5 
46.5 
44.5 

43.5 
44.5 
44.5 
43.5 
44 
42.5 
43.5 
43 
43  
43.5 
44.5 
45 
44 
44 

P 47 
46 
46 
46.5 
46.5 
46.5 
46.5 
46 
46.5 
46.5 
46.5 
46.5 

w 45 

P 44 
45.5 
45.5 
48 
47.5 
47.5 
48.5 
45.5 
48 
48 
50 
50 
44 
49.5 
44.5 
46 

w 47 
47 
46.5 
46.5 
46.5 
44.5 
46 
46.5 
47.5 
45.5 
44.5 
44 

P 45 
46 
46 
46 
46.5 
46.5 
47.5 
46 
46.5 
47 
46.5 

Page 1 of 2 



NASA CR 72676 

TABLE 5 (cont)  

HARDNESS MEASUREMENTS TRANSVERSE TO WELD W4CA IN PANEL NO. 1 
(1) (Knoop Hardness Converted to Rockwell C) 

Hardness, R Posit ion C 

Inch 

1.560 
1.600 
1.640 
1.680 
1.720 
1.760 
1.800 
1.840 
1.880 
1.920 
1.960 
2.000 
2.040 
2 e 080 
2.120 
3.160 
2.200 
2.240 
2.280 

- (mm) 

39 e 624 
40.640 
41.656 
42.672 
43.688 
44.704 
45 a 720 
46 a 736 
47.752 
48.768 
49 e 784 
50.800 
51.816 
52.832 
53.848 
54.864 
55.880 
56.896 
57.912 

0.060 inch (1.524 mm) 
from I.D. Surface 

46 
47.5 
47.5 
45 
45 
44.5 
48.5 
48.5 
48 
48 
47.5 
45 
45 
48 
47.5 
47.5 
46.5 
45 
46 

Plate 
Mid-Thickness 

46.5 
46.5 
47.5 
47.5 
47.5 
46.5 
46 
47 
45.5 
44.5 
45 
45 
46 
46.5 
46 
45.5 
- 
- 
- 

Note: (.I-) h o o p  hardness obtained with 500 gm load, 

0.060 inch (1.524 mm) 
from O . D .  S u r f a c e  

46.5 
45.5 
45.5 
47 
48 
48 
47 
47 
45 
45 
46.5 
48 
47 
46.5 
48 
45.5 
44.5 
c 

- 

Page 2 of 2 



Tensile 
U 1  t i m a  t e 

Location Orient. psi(N/cm2) 

Panel  2 ,  Weld 

3CB 

4CA 

Panel  3, Weld 

3cA 

Panel  4, Weld 

2 CB 

2CA 

Panel  5, Weld 

4CB 

NOTES 

Trans. 

Trans. 

Trans. 

Trans 

Long. 

T r a n s .  

Long. 

Long. 

Trans. 

Trans. 

217,800 
(150,170) 
242,400 

(167,130) 
241,400 

(166,440) 
211,000 

(148,480) 
239,000 

(164,790) 
201,900 

(139,210) 
247,500 

(170,650) 
250,500 

(172,720) 
221,100 

(152,450) 
248,500 

(171,340) 

Tens i l e  
Yield - 0.2% 
psi(N/cm2) 

210,200 
(144,930) 
234 300 

(161,550) 
233,300 

(160,860) 
206,900 

(142,660) 
229,500 

(15 8,240) 
194,400 

(134,040) 
2 36,400 

(163,000) 
244,400 

(168,510) 
2 13,800 

(147,420) 
239,400 

(165,070) 

GI (Bueckner) 
rn in . - lb  in .L L 

'IA' 2 (J/cm'{ in . - lb / in .2  ( J / c m 2 )  

PL( l  PL(2) pM(3) 
in . - lb/ in .  

(3/cm2) 

1350 
(23.62) 

700 
(12.25) 

720 
(12.60) 

1300 
(22.75) 

890 
(15.58) 

1180 
(20.65) 

1050 
(18.38) 

747 
(13.07) 

1575 
(27.56) 

945 
(16.54) 

253 
(4.43) 

- 

1 2  2 
(2.14) 
- 
189 

(3.31) 
- 
- 

(4) NV 

- 

: (1) Calculated using Spring Constant Method, Propor t iona l  L i m i t  Load. 
(2) Calculated using Bueckner Analysis ,  Propor t iona l  L i m i t  Load. 
(3) Calculated using Bueckner Analysis,  Maximum Load. 
(4) Test i nva l id ,  Spring Constant beyond c a l i b r a t i o n  curve range. 

239 453 
(4.18) (7.93) 

125 312 
(2.19) (5.46) 

137 412 
(2.40) (7.21) 

175 440 
(3.06) (7.70) 

UNITS : W/A = Plane stress f r a c t u r e  toughness. 
GN,,GI, = Plane s t r a i n  f r a c t u r e  toughness. 
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TABLE 7 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1.3 
14 
1.5 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

KNOOP MICROHARDNESS MEASUREMENTS ON TRANSVERSE SECTION OF REPAIR WELDS 
IN PANELS 2, 3, 4 ,  AND 5 

Panel 2 
ID OD MID - 

P 47 
47.5 
46.5 
46.5 
46 
47 

HAZ 47.5 
46 
47.5 
47 
47 
47 
47 
47.5 

w 47 
48 
48 
44 
44 
42 
43 
43 

P 48 

23 
46 
43 
45 
46 
45.5 
45.5 
45 
45 
45.5 
45.5 
45 
45.5 

HAZ 44.5 
45 
45.5 
45 
45 

w 45 
44 
44 

p 45 
45 
45 
45.5 
46.5 
45.5 
45.5 
45 
46 
47 
47 
47 
47 
47 
46 
46 
46 
46 

w 46 
46 
45 
46.5 

Panel 3 
ID OD M E  - 

P 46.0 
46.5 
46.5 
46.5 
46.5 
46.0 
46.0 
47.5 
45.0 
45.0 
45.5 
46.0 

HAZ 46.5 
46.5 
46.5 w 46.0 
45.5 
45.0 
45.0 

P 46.5 
46.0 
46.0 
46.5 
46.0 
45.5 
45 t 5 
46.5 
47.0 
47.0 
46.0 
46.5 
46.5 

HAZ 46.0 
46.0 
46 .O 
46.0 
46.0 
46.0 

p 45.5 
46.0 
46.0 
46.0 
46.0 
45.5 
45.5 
45.5 
45.5 
45.5 

46.5 
46.5 

HAZ 44.5 

44.5 
44.5 
44.5 

w 44.5 
44.5 

46.5 

45.0 

Panel 4 
OD M I D  

P 47 
48 
48 

HAZ 47.5 
46.5 
44 
44 
48 
46 

w 4 6  
44.5 
47 
47 
47 
47 
47 
46 
46 
44.5 
43 
8 

P 50 
49 
47 
47.5 

HAZ 48 
48 
47 
44.5 
46 

w 43 
43 

46.5 
47 
45 
44.5 
43 
43 
43 
43 

40 

P 47.5 
47.5 
47.5 
47.5 
48.5 
48.5 
47 
45.5 

HAZ 45.5 
44 
43 
43 

38.5 

47 
49 
49 

w 49 

48 
47.5 
47.5 

42 
40 

41 

:g 

Panel 5 
ID OD M I D  - 

P 43.5 
45.0 

45.0 
42.5 
44.0 

44.0 
44.0 
44.0 
45.0 
44.0 
42.5 

HAZ 41.0 
42.0 
43.0 
44.0 
44.0 

W 44.0 
44.0 
44.0 
43.5 
43.0 
42.5 
44.0 
44.5 
44.0 
43.0 
43.5 
43.0 
43.0 
44.0 
42.5 
42.0 

43.5 . 

45.5 

P 45.0 
46.0 
46.5 
45.5 
45.5 

45.5 
46.5 
45.5 
45.5 
46.5 
47.5 
46.5 
46.5 
46.0 
46.0 
46.0 

HAZ 42.5 
42.0 
43.0 
42.5 
42.5 

W 45.0 
46.0 
46.0 
45.0 
45.0 
45.0 

42.5 
43.0 
41.0 
41.5 

45.0 

45.5 

P 44.0 
43.0 
44.5 
44.5 

44.5 
45.5 
45.5 
44.5 
44.5 
45.5 
45.5 
44.5 

HAZ 44.0 
44.0 
44.0 
42.0 

46.5 
46.5 
45.0 
45.0 
45.0 

44.0 

w 47.5 

44.5 
43.5 



TABLE 7 

.?I * 

.rl v) 

2 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 

- 

g; 
70 
71 
72 
73 
74 

KNOOP MICROHARDNESS MEASUREMENTS ON TRANSVERSE SECTION OF 
IN PANELS 2, 3, 4 ,  AND 5 

Panel 2 
ID M I D  - 

41 40 46 
38 38 46.5 
37.5 43 46 
39 43 45 

CL 39 CL 43 CL 47 
39 43 45.5 
41 43 45.5 
40 43 44.5 
44 43 44.5 
44 43 45 
44.5 43 45 
46 43 45 
46 41 45 
48 HAZ 42 HAZ 45 
47.5 38 46 
46 38 47.5 
46 39 46.5 

HA.7 47 42 46.5 
45.5 P 44 47 
46.5 44.5 P 47 
47 45.5 47 
47 47 45.5 
47 45.5 47 
46.5 46 45 

P 46.5 45 45 
46.5 45 45 

46 
44 

45 

45 47 45 
47 45 45 

46.5 45.5 
46 
46 

46.5 47 45 

22 

Panel 3 
ID 2 M I D  - 

44.5 w 46.0 44.5 
45.5 44.0 44.5 

44.5 44.0 44.5 

45.0 CL 41.5 45.5 
45.0 41.0 45.5 
45.0 41.5 45.5 
45.0 42.5 46.5 
45.0 43.5 46.5 
45.0 42.5 46.5 

44.0 44.0 44.0 

44.5 42.5 CL 44.5 

45.0 HAZ 45.0 HAZ 42.5 
HAZ 45.5 45.0 42.5 

45.0 42.5 42.5 
45.5 45.0 P 44.0 

P 46.0 P 45.0 44.0 

46.5 46.0 47.0 
46.5 44.5 47.0 
46.5 46.0 47.0 
44.5 46.0 46.0 

46.5 46.0 44.5 

46.5 45.5 46.5 
46.5 46.0 46.5 
46.5 46.0 46.5 

47.0 46.5 46.5 

46.5 

47.0 46.0 46.5 

46.5 46.5 47.0 
46.5 46.5 47.0 

Panel 4 
ID on M I D  - 

44 43 47.5 

45.5 
46 
46 
46.5 

€JAz 47 
48 
48 
48 
46 

46 43 
44.5 47 
44.5 44 

CL 44.5 CL 43 
44.5 42 
44 42 
46 40 
47 40 
45.5 40 
44 42 
45 42 
45.5 42 

45.5 40 
45.5 40 
45.5 41 

45.5 38.5 

43 
43 

HAZ 43 
44 
41 
39 

P 40 
44 

47 
47 
50 

2 

47.5 
47 
47 

CL 48 
49 
49 
47.5 
50 
50 
41 
41 
43 
41 
41 

HAZ 43 
44.5 
44 
44 

p 47.5 
47.5 
47.5 
47.5 
47.5 
48 
48 

NOTES: 1. Distance between adjacent posit ion equals 0.040 in .  
2. Knoop (500 gm load) hardness converted t o  Rockwell C. 
3. P - Parent Metal, HAZ - Heat Affected Zone, W - Weld 
CL - wela Centerline (approximate) 

REPAIR WELDS 

Panel 5 

42.5 42.5 
43.5 42.5 
43.5 42.0 

CL 43.5 42.0 
42.5 cL 45.0 
42.5 43.0 
42.5 42.5 
42.5 42.5 
43.0 43.0 

- OD MID 

43.5 43.5 
44.5 43.5 
44.5 44.0 
42.5 44.0 
41.5 43.. 5 
43.0 43.5 
44.0 43.5 
44.5 44.0 
45.0 44.5 
43.5 44.0 
44.0 HA.7 43.5 
44.5 41.5 
43.5 43.5 
44.0 43.5 

mz 46.0 45.5 
47.5 45.5 
46.5 45.5 

P 45.0 45.5 
46.5 46.0 
45.5 46.0 

45.5 46.5 
45.5 46.5 
47.0 46.5 

46.5 

45.0 P 43.0 

45.5 46.5 

46.5 

1 

ID - 

CE 

HAZ 

P 

43.5 
43.5 
44.0 
44.0 
44.0 
45.0 
45.5 
44.5 
44.5 
44.5 
45.5 
45.5 
44.5 
45.0 

45.0 
44.0 
42.5 
42.5 
40.0 
32.5 
38.0 

43.5 

43.5 
44.5 
47.5 
45.0 
45.5 
46.0 
46.0 
46.0 
45.5 
46.0 
45.5 
45.5 46.0 

40.0 
41.5 

42.5 

46.0 



TABLE 8 

EFFECT OF RADIOGRAPHICALLY DETECTED "FLAW" ON MECHANICAL 
PROPERTIES OF PLATE, PANEL NO. 6 

Material :  18 N i  Marage Steel,  Grade 200, 0 .6  (1.524 cm) P l a t e  

T e s t :  +75"F 

1. Tens i le  Proper t ies  
Heat Treat Coupons Specimens from SL-3 

F , psi Elong. Red. i n .  F , psi Elong. Red. i n ,  Ftuy p s i  
(kN/cm2) 1 i n .  % &N/cm ) 

t Y  2 % i n  Area 
CkN/cm 1 1 i n .  % 

2 t Y  % i n  Area 
FtU, psi 

Panel P l a t e  T e s t  2 
-- No. No. H e a t  Region (kbl/cm I --- 

6 2CA 24999 Flaw 
i n  HAZ 

222* (153 )  220*(152)  7.5* 50* 
216** (149 )  - 7.5** 44** 

4 2CA 24000 Sound 249(171)  243 (168)  11 52 2 5 1  (173 )  244 (168) 13.5 55 
Parent 

6 2CB 3960829 Sound 235(162)  224 (154)  11 60 243 (168 )  235 ( 1 6 2 )  11 57 
Parent  

4 2CB 3960829 Sound 235(162)  224 (154)  11 60 247 (170 )  236 (163 )  12 56 
Parent  

NOTES: *Broke i n  f law i n  HAZ. 
**Broke i n  weld - 0 . 5  inch from flaw. 

2. Toughness Proper t ies  
2 2 Frac ture  Touchness, in . - lb / in .  (J/cm ) 

Character 
Data Heat Treat 2 W/A in . - lb  i n .  

GN GN GN G I c  
Panel P l a t e  T e s t  Character SL-3 
No. No. Heat Region Data Data __ . -  

- 212 (3 .7 )  201 ( 3 . 5 )  - 6 2CA 24999 Flaw 827 (14 .5 )  
i n  HAZ 335* ( 5 . 9 )  

2CA 24999 Sound 723(12 .7 )  747(13.0)  277 (4 .9 )  2 3 2 ( 4 . 1 )  4 - - 
277 ( 4 . 9 )  232 (4.1)  259**(4.5) 235**(4.1)  11 2CA 24999 Parent  723(12 .7 )  - 

NOTES: *Normal HAZ value estimated as 130% of sound parent  

**Longitudinal values  ca lcu la ted  as 117% of t ransverse  
value (based on Panel No. 1 test  r e s u l t s ) .  

test value.  



TABLE 9 

(1) KNOOP MICROHARDNESS MEASUREMENTS TRANSVERSE TO WELD I N  PANEL NO. 7 

‘d 
P, 

09 
(D 

I- 

O 
th 

N 

Plane  
S e c t i o n  ___ 

OD 
RC - Pane1 

7 48 
48 
48 
49 
44.5 
48 
49 
48 
49 
46 
48 
45.5 
48.5 
49 
48 
46.5 
47 
46 
47.5 
46.5 
47 
48 
48 
47.5 
48 
47.5 

1 
M.id 

RC - 
48.5 
48.5 
49 
48 
48 
48.5 
48 
46 
47 
46 
48 
46.5 
45 
45 
44.5 
44 
38.5 
36.5 
40 
40 
4 1  
42.5 
42 
42 
41.5 
42 

- 
ID 
RC - 

47 
50 
48 
48 
45.5 
46 
48 
44 
46 
45 
44 
45 
45 
45.5 
42 
42 
45 
43.5 
42.5 
44.5 
43 
42.5 
42 
44 
46.5 
44.5 

2 
OD Mid ID 
- Rc R, 5 

48 48 47 
49 48 46 
48.5 47 48 
48 47 46 
48 46.5 44.5 
49 47 45 
47 46 45 
48.5 47 44 
48 46.5 48 
49 45 46.5 
48.5 47 46 
49.5 45 44 
46.5 46 44.5 
48.5 45.5 44 
48 44.5 44 
50.5 46 46.5 
47 46.5 47 
46 44 48 
46 44.5 45.5 
49 44 45.5 
48.5 42.5 45.5 
47 42 46 
47 42 48 
47 44.5 49 
47 45 48.5 
49 45.5 48.5 

3 
OD M i d  ID 
- Rc R, 5 

48 48  47 
46 47 48 
46 46 47 
46.5 47 48.5 
46 47 49 
46 47 48 
46 47.5 47.5 
45 46 45 
46 47 46 
46.5 49.5 46 
48 48 47 
47 47 46.5 
46.5 46 47 
45.5 46 45.5 
45 42.5 43.5 
46 43.5 45 
46 41.5 46 
47 43 46 
46 43  46 
47 43.5 44 
46.5 42.5 42.5 
46 4 1  47.5 
46 4 1  48 
48 41.5 49 
48 44.5 46 
46.5 42.5 44.5 

4 
OD M i d  ID 
- Rc R, 5 

47 47 46 
48 48.5 46 
47 48 45 
48.5 47.5 46 
48 46 47 
49 47 47 
49 47.5 45.5 
48.5 47 45.5 
50 47 46 
48 47 48 
48 47 45.5 
47 47 49 
46.5 47.5 50 
48 45.5 50 
48 45 49 
49 44 48 
48 45.5 47 
48 43 49 
48 43 47.5 
46 43 47.5 
48.5 43.5 47.5 
47 43.5 46 
47 44 48 
48.5 45 48.5 
48.5 44.5 50.5 
48.5 46.5 48 

5 
OD M i d  ID 
Rc Rc 5 - _ _  

48 48 5 1  
48 48.5 50 
48 48.5 49 
47.5 49 5 1  
47.5 48.5 50.5 
47.5 50.5 49 
47 48.5 48 
48 50 49.5 
48.5 48 48 
47 49 48 
46.5 48.5 46.5 
48 47 48 
49 45.5 50 
48.5 47 50 
45.5 46 47.5 
46 48.5 47.5 
48 47 48.5 
44 45 48.5 
47 43.5 48 
45 42.5 48 
46.5 42 47 
45 42.5 49.5 
48 43 46.5 
47 44.5 48.5 
46.5 44 48.5 
46 44 48 

6 
OD M i d  ID 
- Rc 5 

46 47 48 
46 48 48 
47 46 47 
46 47.5 47.5 
47.5 48.5 48 
48 48 48 
48 48.5 49 
47 47 47 
49 47 48 
50.5 47 48 
49 46.5 46 
47 46 48.5 
47 47 48.5 
48 46 49 
48 46 48 
47 46 48 
46 44.5 47 
46 4 2  48.5 
48 42.5 46.5 
47 42.5 48.5 
49 4 1  48 
45 42 48 
46.5 44 46 
46 4 1  48 
46.5 42.5 48 
44 44 49.5 

z 

E 
q 
N cn 
4 
cn 



TABLE 9 

Plane 
Sect ion - 
Panel 

OD 

RC - 

7 50 
47.5 
49 
48 
48 
47 
46 
48.5 
48 
47 
46.5 
47.5 
48.5 
49 
48 
47 
48 
48.5 
47 
46.5 

(1) KNOOP MICROHARDNESS MEASUREMENTS TRANSVERSE TO WELD IN PANEL NO. 7 

1 
Mid 
RC __ 

42 
42.5 
42 
44 
44.5 
44 
45.5 
47 
46 
46 
46 
46.5 
45.5 
46 
48 
48 
49 
47.5 
47 
47 

- 
ID 
- RC 

44.5 
44 
46 
44.5 
46.5 
46 
48 
45 
47 
48 
46 
45 
48.5 
50 
47 
46.5 
47 
45.5 
46 

2 
OD Mid I D  
- Rc R, % 

47.5 45 50 
47.5 44 5 1  
46 44.5 50.5 
47.5 49 50.5 
47 50 48 
48 48 48 
48.5 49.5 49.5 
48.5 48.5 49.5 
49 48 48.5 
48 48.5 48.5 
48.5 48 48.5 
48 48 49.5 
48 49.5 49 
48 48 49.5 
47 48 49 
48 49 49 
46.5 50 49 
46 49.5 48.5 
46.5 49 49 

49 49.5 
49 

3 
OD Mid I D  
- Rc R, 5 

47 44 46 
45.5 44 46 
45 45.5 46 
45 44 46.5 
47 45 47 
48 43 47 
45 47 47.5 
46 46 48 
45.5 47.5 48 
47.5 48 48 
48.5 49 49 
46 48 48 
46.5 48.5 49 
47 48 
46 48.5 
47 48 
46 48.5 
45 48 
47 48.5 
47.5 
46 
46 

4 
OD Mid I D  
- Rc R, 5 

49 44.5 47 
47.5 45.5 48 
48.5 45.5 47.5 
50 46 47.5 
49 46 47 
49 46 47.5 
49 47 47 
48 47.5 47 
49 47 47.5 
48 48 47.5 
48 47 48 
48 47.5 47 
48 48 48 
47 46 46 
48.5 47.5 47 
48.5 46.5 48 
47.5 47.5 46.5 
48 48 47.5 
48 48 48 
47.5 46.5 47 
48 47 

- 
OD 
RC - 

48.5 
46.5 
46 
44.5 
46 
45 
46.5 
46 
46 
44.5 
45 
45 
44.5 
46 
46 
46 
48 
46 
45.5 
46 
45 

5 
Mid I D  
5 %  
43.5 48 
46.5 47 
48 46 
46.5 48 
45 48 
45.5 48.5 
48 48 
48 48 
47.5 48.5 
47 48.5 
47.5 
48.5 
48 
48 
48.5 
48 
48.5 
48.5 

6 
OD Mid I D  
- Rc R, 3 

46 46 48 
49 47.5 48 
46.5 45.5 49.5 
47.5 46 49.5 
48 46.5 46.5 
47 48 48.5 
50 .5  47 48 
46 47 50 
45.5 49 48 
46 48 49 
47 48.5 48.5 
45 48.5 48.5 
46 48.5 48.5 
46 48 48.5 
46 49 49.5 
46 49.5 49.5 
46 50 49 
44 48 48.5 
44.5 48.5 49 
44 48 49 

Note: (1) Knoop hardness obtained with 500 gm load. 



TABLE 10 

w 
P, 
09 
(D 

Plane 
Section __ 

Panel 
OD 
RC - 

8 49.5 
49 
48 
48.5 
47.5 
49 
49.5 
49 
50 
48 
50 
48 
46 
47 
49 
48 
48 
48 
47.5 
47 
50 
50 
48 
46 
45 

(1) KNOOP MICROHARDNESS MEASUREMENTS TRANSVERSE TO WELD IN PANEL NO. 8 

1 
Mid ID 
Rc Rc 

50.5 50.5 
50.5 5 1  
50.5 50.5 
50.5 51  
50 50.5 
50 50 
50 50 
50 50 
49 50 
48 48 
47 48 
46.5 47 
48.5 45.5 
47 49 
46 46 
45 49 
44.5 48.5 
47 48 
47 47 
47 46 
48.5 46 
48 45.5 
47 47 
48 46 
47 48 

- -  

2 
OD Mid ID 
Rc Rc Rc 

48 48.5 48.5 
49.5 49 48.5 
49 49 48 
50 50 49 
49.5 48.5 49 
49 49 49 
48 48 49 
48.5 49 49 
48 48.5 48 
47.5 49 50 
47 49 48.5 
48.5 49 48 
49 47 48 
46 4 1  48 
47.5 44 48 
48 46 48 
46 48 48.5 
48 46 51  
46.5 45 49.5 
46.5 44.5 50.5 
48 44.5 50 
48 42 48.5 
47 43 48.5 
46 43.5 48.5 
48.5 46 48 

- -  - 

3 
OD Mid ID 
Bc Rc Rc - -  - 

49.5 49 50 
47 50 50.5 
48.5 50.5 51  
48.5 49 52 
47 49 50.5 
46 48.5 50.5 
48 49 50 
48 50 49 
47 49 49 
47 47 50.5 
48 46 48 
46.5 40 48 
45 45 49 
43 46 48 
47 45.5 48 
47 45 47 
45.5 43.5 46 
45.5 40 46 
46.5 42 45 
47 44.5 45 
45.S 46 44 
47 45.5 44.5 
47 44.5 46.5 
45 44.5 48.5 
47 47 49 

4 
OD Mid ID 
- -  Rc Rc - Rc 

47 47 50 
48.5 47 49 
48.5 47 50 
48 47 50 
48 48 50 
48.5 47 49 
48 46.5 50 
50.5 48.5 50 
50 48 50 
49.5 47 49 
50 48 49 
5 1  48 48.5 
48.5 48 48.5 
48 43 50 
47.5 43 50 
48 46.5 48 
49 44 50 
46.5 40 48.5 
47.5 42 48 
48 46 48 
48 47.5 46 
49 47 46 
46.5 44.5 48 
48 46 48 
47.5 47 48 

5 
OD Mid ID 
Rc Rc Rc - -  - 

47.5 50 50.5 
48 49 50 
46 49 50 
47.5 49 50.5 
47 48 49 
46 48.5 48.5 
46 49 50.5 
47.5 49 50 
47.5 48 50 
48 48.5 48.5 
48 48 48 
46 48 49 
49 45 49.5 
48.5 45.5 47 
45.5 48 49 
46 44 47 
48 45.5 49.5 
46 45 48.5 
45 42.5 47 
45 44.5 47 
45.5 43 47 
47.5 42.5 47.5 
47 44 48 
47 44 46.5 
47.5 44.5 49 

6 
OD Mid ID 
- -  Rc ac _. Rc 

47.5 49 49 
48 48.5 47.5 
47.5 44 49 
48 42 48 
47.5 40.5 48.5 
48 40 49 
47 4 1  50 
47.5 42.5 50 
46 45 49 
48 46 48.5 
48.5 48 47.5 
46 47 42.5 
45.5 44 45.5 
45 46 43 
49.5 45 44 
47 45 40 
50.5 42 44.5 
45 44.5 44.5 
48.5 42 46 
42.5 43 44 
47 45 44 
45.5 43 45.5 
45 43 44.5 
46.5 44.5 49 
45.5 46 4 1  

m w 
U 
N m 
-4 
Q\ 
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TABLE 10 

(1) KNOOP MICROHARDNESS MEASUREMENTS TRANSVERSE TO WELD IN PANEL NO. 8 

Plane 
Sect  ion  1 

OD Mid 
Rc Rc - -  Panel 

8 46 43 
47 48 
49 48 
49 50.5 
49 50.5 
48.5 51  
48 51.5 
47 51  
48 5 1  
48.5 50.5 
48 50 
48 50 
49 50 
48.5 50 
49 50.5 
49 50.5 
48.5 50.5 
48 

- 
I D  
- RC 

45 
45.5 
46 
47.5 
48 
44.5 
47 
48 
48.5 
50 
48 
51.5 
50.5 
50 
49.5 
49 
50 
49.5 
49.5 

2 
OD Mid I D  
RC Rc Rc - _ _  - 

48 47 49 
48.5 43 50.5 
47 44.5 48.5 
48.5 44.5 48.5 
49 47 49 
50 47 50 

50.5 48.5 46 
48.5 48 48.5 
48 48 50.5 
49.5 49 49 
47 48.5 48.5 
47.5 48.5 48 
46 48 48.5 
47 49 49.5 
47 50 49 
48 48.5 48.5 
47 48 48.5 
45 48 48.5 
46.5 48 49 
48 47.5 49 
46.5 49 

48 48 49 

3 
OD Mid I D  
Rc Rc Rc - -  - 

46 46.5 47 
46.5 45.5 47 
47 45.5 49 
48.5 46 47.5 
48 48 47 
47.5 48.5 49 
47 48.5 51  
48 50 50 
47 49 50.5 
48 49 50.5 
48 50 51  
48 50 50.5 
48.5 51 49.5 

50 50 
49 50 
48.5 49.5 

50.5 
49.5 

Note: ( 1 )  Knoop hardness obtained with 500 gm load. 

4 
OD Mid I D  
Rc Rc Rc 

48.5 48 50.5 
47.5 48 50 
48.5 43 49 
48 46.5 48.5 
48.5 45 48 
48 45.5 48 
50 49 48 
49 48.5 49 
48 49 49 
44.5 50 49 
48.5 50 48.5 
48 50 48 
49 49 48 
48.5 50.5 49.5 
49 50 49 
48 49.5 49.5 
49.5 49.5 48.5 
48.5 50 49 
48 48 50 
47 48 48.5 
47 47 
47 47.5 

- -  __ 

46 46 49.5 
46 46 46.5 
46.5 48 48 
47 47 48 
47 45 48 
45.5 43.5 45 
48 47.5 48.5 

47 47.5 5 1  
47.5 48.5 49.5 
48 50 50.5 
48 49 51 
48 49 50.5 
46 49.5 50.5 
46.5 50.5 5 1  
47 48 51.5 
47 51  51  
48.5 49 51  
48.5 48.5 53 
47 49 50.5 
48 49.5 50.5 
47 48.5 51.5 

48.5 48 49.5 

6 
OD Mid I D  
Rc Rc Rc - -  - 

45.5 42 4 1  
44.5 42 .  46 
46.5 45 42.5 
49 42 47 
47 46 44 
47.5 46.5 42 
47 46.5 46.5 
46 46.5 47 
46.5 49 47 
45.5 48.5 48.5 
49 47 49 
46.5 47 49.5 
47 48 48 
46 50 47.5 
45.5 49 48 
48.5 50.5 47.5 
46 46 50 
46.5 48.5 49.5 
46 48.5 48.5 
46 48.5 
46.5 48 
46 



TABLE 11 

KNOOP MICROHARDNESS MEASUREMENTS TRANSVERSE TO WELD IN PANEL NO. 9 (1) 

Plane  
S e c t i o n  1 2 3 4 5 6 

OD M i d  ID OD M i d  ID OD Mid  ID OD M i d  ID OD M i d  ID OD Mid  ID 
Panel _ . -  R c R c  - Rc R C k k  R C y s  R C y k  - _ _ _ _  Rc Rc Rc 

9 50.5 
51.5 
51.5 
51 
49 
50 
52 
49 
48.5 
5 1  
49.5 
47 
48 
48 
48.5 
46.5 
49.5 
48.5 
48.5 
48.5 
48 
47.5 
47.5 
50 
48.5 
48.5 

53 53 
52.5 51.5 
52 51 
52 52 
52 51.5 
51 52 
52 51.5 
52 52 
52 5 1  
51 5 1  
50 5 1  
49 50.5 
49 48 
49 50 
50 48 
48.5 50.5 
48 52 
48 50.5 
48 48.5 
46 47.5 
47 48.5 
47 48 
48 48 
45 45.5 
47 48.5 
46 48.5 

48.5 48.5 47 
49 48 48 
47.5 47.5 46.5 
48 47 48 
49 48 47.5 
49.5 48 47 
49.5 48 48.5 
50 48.5 48.5 
48 49.5 48 
48.5 48.5 48 
48.5 49.5 48 
48 51 48.5 
47 5 1  48.5 
47.5 50.5 48.5 
48 50.5 48 
49 49 47 
48 45 49 
48.5 45 48 
48.5 43 49 
48 43 49.5 
49 40 46.5 
48 42 48 
48 41.5 47 
47 42 47 
44 4 1  46.5 
47 40 48 

50.5 52 49 
50 5 1  48 
50 50.5 49 
49.5 50.5 48.5 
49.5 52 48.5 
48.5 52 48.5 
49 51 48 
49.5 51.5 46 
47 51 48 
48.5 49 47 
46 49.5 48 
46 49 47 
48 48.5 48.5 
48 48 48.5 
45 47 45.5 
49.5 46 44.5 
47 47.5 44.5 
48 46 44.5 
47 47 44 
48.5 46 44 
48 43  44 
49 46 46 
48 47 45 
48.5 47 47 
50 47.5 44 
48 48 45 

48.5 *49 “50.5 
50 50 50 
51 49.5 50 
51 49.5 48.5 
50 48.5 48.5 
50.5 50 50 
50 50 49 
50.5 51 48.5 
50 50.5 50.5 
45 50.5 48 
4 1  49 40.5 
44.5 49 4 1  
43 49.5 38 
44 48 4 1  
46 46 4 1  
47 48 38 
48 48 4 1  
46 45 37 
46.5 44 38.5 
48.5 42.5 39 
49 42 36.5 
48 39.5 38.5 
46.5 4 1  36 
48.5 43 38.5 
46 44.5 36.5 
45 42.5 4 1  

50.5 51 50 
52 51 5 1  
52 51 50.5 
52.5 50.5 51 
50 52 49.5 
52.5 51 50 
52 50.5 50 
50.5 52 49.5 
52 51 50 
52 50.5 50 
50 50 49.5 
48.5 50.5 49 
48 51 49.5 
47 52 50 
50.5 47 46 
49 46 44 
48 48 48.5 
48 45 45.5 
45 43 48 
44 43 47.5 
43.5 44 47 
46 45.5 48.5 
45.5 46 48.5 
44.5 44 47 
46 43 47.5 
47 43.5 48 

50.5 
48.5 
50.5 
49.5 
50.5 
50.5 
50 
50 
48 
49 
48 
48.5 
47 
47 
47 
44.5 
44 
45 
46 
46 
44.5 
43.5 
44 
46 
44.5 
44.5 

5 1  
50 
50 
50.5 
49 
50 
49.5 
50 
49.5 
48.5 
48 
48 
46 
46.5 
46.5 
47 
45 
46 
45 
45.5 
44.5 
46.5 
46 
48 
46 
47 

49 
49.5 
49 
48.5 
49.5 
49.5 
48.5 
48.5 
50 
48.5 
48 
48 
48 
45.5 
48 
48 
48.5 
48 
48  
48 
48 
47.5 
48 
45.5 
37.5 
37 



TABLE 11 

(1) KNOOP MICROHARDNESS MEASUREMENTS TRANSVERSE TO WELD I N  PANEL NO. 9 

P l a n e  
S e c t i o n  1 

Panel  
OD Mid I D  
Rc Rc Rc - -  - 

9 50 59 49 
48 48.5 5 1  
48 48 50 
48 42 52 
50.5 50.5 50.5 
50.5 49 50.5 
50 50.5 52 
49.5 50 51.5 
50 50.5 52 
50 49 52.5 
50.5 50.5 52 
50.5 51.5 52 
49.5 52 51.5 
50 53 52 
52 53 51.5 
5 1  52.5 52 
50 5 1  51.5 
49.5 52.5 50 
5 1  53 5 1  
49.5 52.5 5 1  

52 51.5 
51.5 

2 
OD Mid I D  
Rc Rc Rc 

46 40 46.5 
47 4 1  48 
47.5 52 48 
47 44.5 48.5 
48 44.5 49 
49 48 46.5 
49 48 49 
49 48 49 
5 1  48.5 48.5 
49.5 49 50.5 
49.5 48.5 5 1  
50 49.5 50 
49.5 49 49 
48.5 48.5 47.5 
48.5 49 49 
50 49 48.5 
50 49 49 
48.5 49 49 
50 48 48.5 
50 47 48.5 
48.5 44.5 48 
48 45.5 48.5 

- -  - 

- 
OD 
Rc - 

48 
47.5 
48 
50 
48.5 
48.5 
46.5 
48 
49.5 
49 
49 
49 
48 
50 
48.5 
49.5 
49.5 
50.5 

3 
Mid 
*c 

RC 

49 
47.5 
46.5 
50 
51  
50.5 
50.5 
51  
50.5 
51.5 
52 
52 
52.5 
51.5 
51  
50.5 
51  

- 

__c 

I D  
RC 

44.5 
44 
45 
45.5 
46 
48 
48 
46.5 
46 
46 
46 
48 
4 9 

- 

4 
OD Mid I D  
Rc Rc Rc - - -  

48 44.5 38 
46 45.5 39.5 
46 43.5 36 
47 38 38.5 
47 48 38 
49.5 49 39 
48 46 37 
48 47 40 
48 47.5 42 
46 48 42 
47 48 48 
48.5 45.5 39 
49 48 42 
47 46 49 
47 48 50.5 
48.5 48.5 50.5 
47 48.5 51  
48 48.5 51  
48 48.5 49 

49 5 1  
48 5 1  

- 
OD 
Rc 

45.5 
50 
49 
46.5 
49.5 
48.5 
52 
52 
49.5 
49.5 
5 1  
50 
52 
52.5 
52 
50 
51.5 
5 1  
5 1  
52 
5 1  
48.5 

- 

5 
Mid 
RC 

44.5 
44.5 
44.5 
44.5 
48.5 
43.5 
42 
48.5 
50.5 
5 1  
51  
50.5 
52 
50.5 
52 
51.5 
51.5 
51  
51.5 
50 
49 
51  
50 

- 
- 

I D  
RC - 

48 
48.5 
47 
46 
48 
47 
50 
45 
48.5 
48.5 
47.5 
48.5 
48.5 
49 
52 
52 
50 
50.5 
52 
5 1  
5 1  

6 
OD Mid I D  
Rc Rc Rc - -  - 

46 46.5 37 
46 44 37 
45 4 1  39 
47 44.5 42 
48 45 48 
50.5 49 48 
50 50 49 
48 50 49 
49 49.5 49.5 
49 48.5 49 
49 50.5 48.5 
49 52 48.5 
49 48.5 49 
50.5 50.5 49 
50 50.5 49 
49 49 49 
50 50.5 48 
50 50 47.5 
49.5 48 44.5 
49.5 48 47.5 

48 

Note: (1) Knoop ha rdness  o b t a i n e d  w i t h  500 gm l o a d .  



NASA CR 72676 

TABLE 1 2  

TEST PANEL NO. 7, 8, AND 9 TENSILE TEST DATA 

ELong . 
i n  

1-in. 
% 

Reduc. 
i n  

Area 
x 

54.8 

S t r eng t h 
2 (kN/cm2) 

--- No. NO.  No. Location Orient. Fty 
7 1 WG8 Weld Trans. 225 e 1 222 .o 

(155.2) (153.1) 
11.1 

2 WG8 Weld Trans. 224.0 220 * 0 
(154.5) (151.7) 

8.6 50.5 

3 WG 8 Weld Trans. 226.3 221.2 
(156.0) (152.5) 

11.1 57.4 

4 WG 8 Weld Trans. 225.5 221.4 
(155.5) (152.7) 

11.0 51.7 

5 WG8 Weld Trans. 227.3 224.2 
(156.7) (154.6) 

9.6 54.1 

6 3CB Pa ren t  Trans. 241.4 231.3 
(166.4) (159.5) 

9 .6  48.1 

8 1 W G l O  Weld Trans e 227.3 224.7 
(156.7) (154.9) 

11.0 54 .1  

2 W G l O  Weld Trans . 227.2 225.3 
(156.6) (155.3) 

9.0 48.1 

3 5 C B  Parent  Trans. 247.5 239.8 
(170.6) (165.3) 

11.0 47.0 

9 1 WlCB Weld Trans. 217.6 215.2 
(150.0) (148.4) 

9.5 53.1 

2 WlCB Weld Trans. 227.1 225.1 
(156.6) (155 e 2) 

11.1 50.5 

3 1 C B  Parent  Long. 255.7 245.4 
(176.3) (169.2) 

11.0 51.1 



NASA CR 72676 

TABLE 1 3  

TEST PANELS NO. 7,  8, AND 9 PRECRACKED CHARPY IMPACT TEST RESULTS 

7 3CB P a r e n t  T r a n s .  686 686 715 
(12.00) (12.00) (12.51) 

7 WG8 Weld T r a n s .  1385 1310 1325 I 

(24.24) (22.92) (23.19) 

1262 1360 
(22.08) (23.08) 

1308 
(22.89) 

8 5 C B  P a r e n t  T r a n s .  509 509 615 
(8.91) (8.91) (10.76)  

8 W G l O  Weld T r a n s .  1003 980 99 1 - 
(17.55) (17.15) (17.34) 

9 1 C B  P a r e n t  Long. 654 654 739 
(11.44 (11.44) (12 a 93) 

9 W l C B  Weld T r a n s .  828 1679 1253 1074 
(14.49) (29.38) (21.93) (18.80) 

NOTE: (1) T e s t :  S t a n d a r d  V-notch f a t igue  P r e c r a c k e d  Charpy  Impact ;  f75"F. 



NASA CR 72676 

TABLE 1 4  

FRACTURE TOUGHNESS OF PANELS NO. 7 THROUGH 9 

Ctiaracteri- 
za t ion  H.T. 
Data Coupons Specimens from 260-SL-3 

P l a t e  Weld or (4) Specimen GNc ( I ) ?  GNc,(') t 'Nc (1) (2) ? (3) ? No. P l a t e  No. Location Or ien t .  

7 3CB Parent  Trans,  279 275* NV 134 - 
(4.88) (4.81) (2.34) 

7 WG8 Weld Trans. 356 435 NV 171  2 81 
(6.23) (7.61) (2.99) (4.92) 

8 5CB Parent  Trans. 258 - NV 103 - 
(4.52) (1.80) 

8 W G l O  Weld Trans . 356 435 NV 176 306 
(6.23) (7.61) (3.08) (5.36) 

9 1 C  B Parent  Long. 220 19 8 NV 82 - 
(3.85) (3.46) (1.44) - 

9 WlCB Weld Trans. 218 435 N v  112 251 
(3.82) (7.61) (1.96) (4.39) 

NOTES: * Calcula ted  as 85% long i tud ina l  values .  
NV Tes t  i n v a l i d ,  sp r ing  cons tan t  beyond c a l i b r a t i o n  curve range. 

(1) 
(2) 

(3) 
(4) Weld d a t a  average of minimum of two specimens. 

G N ~  ca l cu la t ed  us ing  Spring Constant Method, Propor t iona l  L i m i t  Load. 

GI, c a l cu la t ed  using Bueckner Method, Propor t iona l  Limit Load. 

GI, c a l cu la t ed  us ing  Bueckner Method, Maximum Load. 

- in.-lb/in.2 (J /cm 2 
tGNc' GIc  



NASA CR 72676 

TABLE 15 

RESULTS OF MICROHARDNESS MEASUREMENTS ON A SECTION THROUGH 
THE THICKNESS OF PANEL NO. 10 

(1 )  (Knoop hardness converted to Rockwell C) 

Distance from 
O.D. Surface, in. 

inch (mm) 

0.004 
0.008 
0.012 
0.016 
0.020 
0.024 
0.028 
0.032 
0.036 
0.040 
0.044 
0.048 
0.052 
0.056 
0.060 
0.080 
0,100 
0.120 
0.140 
0.160 
0.180 
0.200 
0.220 
0.240 
0.260 
0.280 
0.300 
0.320 
0.340 
0.360 
0 .380  
0.400 
0.420 
0.440 
0.460 
0.480 
0.500 
0.520 
0.540 
0.560 
0.580 

0.102 
0.203 
0.305 
0.406 
0.508 
0.610 
0.711 
0 .813  
0.914 
1.016 
1.118 
1 .219  
1.321 
1.422 
1.524 
2.032 
2.540 
3.048 
3.556 
4.064 
4.572 
5.080 
5.588 
6.096 
6.604 
7.112 
7.620 
8.128 
8.636 
9.144 
9.652 
10.160 
10.668 
11.176 
11 e 684 
12.192 
12.700 
13.208 
13.716 
14.224 
14.732 

Hardness 
R 
C 

48.5 
49 
50 
50 
49 
49 
48.5 
49 
49 
49 
49 
48.5 
49 
48.5 
48.5 
49 
49 
48.5 
48.5 
48.5 
48 
48  

48 
48 
48 
48.5 
48  
48 
48 
48 
49 
48 
48 
48 
48 
48 
48 
48 
48 
48 

48 

Note: ( 1 )  Knoop hardness obtained with 500 gm l o a d .  



NASA CR 72676 

TABLE 16 

RESULTS OF MICROHARDNESS MEASUREMENTS ON SECTIONS THROUGH NORMAL 
AND HOT SPOT REGIONS OF PANEL N O .  11 AND 12  

(Knoop h a r d n e s s  c o n v e r t e d  t o  R o c k w e l l  C ,  0.040 inch (0.122 cm) b e t w e e n  measurement 

P a n e l  No. 11 Pane l  No. 12  
Hot S p o t  

OD M i d  ID 
Normal 

OD M i d  ID --- --- 
Normal 

OD M i d  

48 49 
47 48 
48 48 
48 48 
48 48  
48 48 
48 48  
48 48  
48 48  
48 48 
48 48  
47 48  
48 48  
48 4 8  
48 48  
47 48.5 
48 48  
48 48.5 
48 48  
49 48  
48.5 48  
48.5 48  
48 48 
48 48 
48.5 48 
48 48  
48 48  

-- ID 

47 
46 
48 
48  
48.5 
48  
47 
47 
47 
48  
48  
48  
48 
48 
49 
48  
48  
49 
49 
48.5 
47 
48 
48 
48 
48  
48 

Hot S p o t  
OD 

35 
35 
35 
35 
35 
35 
34.5 
35 
35 
35 
35 
35.5 
36 
36 
35.5 
36 
36.5 
37.5 
36.5 
37.5 
37.5 
36.5 
37 
37 
37.5 
37 
36.5 
36.5 
37 
3 8  
37.5 
38  
37.5 
3 8  
38  
38.5 
38.5 
39 
39 
38.5 

- Mid 

35 
35 
35 
36 
34.5 
33 
33 
32  
32 
32 
32 
32 
32 
3 1  
32 
3 1  
32 
3 1  
3 1  
32 
3 1  
3 1  
31 
31 
3 1  
31 
30.5 
3 1  
3 1  
33 
35 
35 
36 
36 
36.5 
35.5 
35 
36 
36 
37.5 

ID 

35 
35 
34.5 
35 
35 
35 
34.5 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
36 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 

- 
48 49 48 
48  48.5 49 
48 48  49 
48 4 8  48.5 
49 48  48  
48  47 48 
49 48  48  
49 48.5 48 
49 48.5 48 
48.5 48 48 
48.5 48  48 
48.5 48  48  
48.5 48 48 
48.5 48 49 
48  48  48  
48  4 8  48  
49 48  48  
49 4 8  48 
49 48 48 
48.5 48  48 
48.5 48 48.5 
48  48  48  
48  48  48 
48  48  48  
48  48.5 48  
48  48.5 48 

37.5 
37.5 
38 
38.5 
38.5 
3 8  
38.5 
38.5 
38 
38.5 
38.5 
38.5 
38.5 
38.5 
39 
39 
39 
39 
39 
39.5 
39.5 
39.5 
38.5 
39.5 
39.5 
39.5 
39.5 
39.5 
39.5 
39.5 
39 
39 
39 
39 
39 
39 
39 
39 
39 
39 

37.5 
37.5 
37.5 
37.5 
37.5 
37.5 
37.5 
38 
38  
38 
38  
38  
38  
38  
38 
37.5 
37.5 
37.5 
37.5 
37 
37 
37.5 
37.5 
37 
37 
37 
37.5 
37.5 
37.5 
37 
37 
37 
37 
37.5 
37.5 
37.5 
38  
37.5 
37.5 
37.5 

36.5 
35 
35 
35 
34.5 
34.5 
34.5 
34.5 
34 
34.5 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
33.5 
33.5 
33.5 
33.5 
33.5 
34 
34 
34 
33.5 
34 
34.5 
34.5 
34.5 
34.5 
34.5 
35 
35.5 
36 
36 
37 

Note; Knoop h a r d n e s s  o b t a i n e d  w i t h  500 gm l o a d .  
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TABLE 17 

TASK V I 1  INCLUSION RATING 

TYPE B TYPE D 
TYPE A Alumina Type TYPE C Globular 

S u l f i d e  Type Tin S i l i c a t e  Type Oxides 
Thin Heavy Thin Heavy Thin Heavy Thin Heavy - 

NOTES: 11 = Tes t  Panel  No. 11 
12  = Tes t  Panel  No. 12 
A = Heat-Affected Area (Hot Spot) 
U = Unaffected Area 



Material: 1 8 N ,  Marage S t e e l ,  Grade 200, 0.6 inch p l a t e ,  
S/N SL-3 motor case 

m r r 
m 
L7 
cj 

0 Tests: 0,250 in.(0.635 cm)-dia. t e n s i l e  rounds, +75"F (296k) r 

Toughness Y H  

8 2  
(1) ; 3 

GI C k@ 

notched slow bend toughness, +7S°F (296k) 

Tensi le  Strength - Average 
psi  (kN/cm2) Hardness 

O H  % Elong. Reduction ~ Panel 

b No. Region Ftu *tY in 1 i n .  in Area, % RC in.-lb/in,2(J/cm2) q 

11 Normal 257 (177) 252 (174) 10 46 48 228 (3.99) !$g 5 M 
E3 P 11 Hot Spot 180 (124) 139 (96) 15 62 35 337 (5.90) Y l d  co 
g m  

1 2  

12 

Normal 248 (171) 244 (168) 12 54 

Hot Spot 181 (125) 137 (94) 1 7  67 

48 

37 

1 7 4  (3.04) 

367 (6.42) 

NOTE (1) Calculated using Bueckner Analysis and maximum load. 



P l a t e  Elong. Red. 
or (1) i n  1 i n .  i n  

No. No.  No. No. Location Orient. F tu  Fty % -  k Remarks 
Panelspec Weld Heat Sp e c imen Tensile Strength ( 2.54cm) Area 

--- - 
1 1 W4CB 08950 Weld 

2 W4CB 08950 Weld 
3 W4CB 08950 Weld 
4 W4CB 08950 Weld 
5 4CB 3960832 Parent 

2 1 WG8 (63343) Weld 

2 WG8 (09620) Weld 
3 3CB 3960819 Parent 
4 4CA 25126 Parent 

(09035) 

3 1 W3CA (63343) Weld 

2 W3CA (08950) Weld 
3 3CA 3951218 Parent  
4 3CA 3951218 Parent 

( 08436) 

4 1 W2CA 63343 Weld 
2 W2CA 63343 Weld 
3 2CB 3960829 Parent 
4 2CA 24999 Parent  

5 1 WG8 Weld 
2 WG8 (63343) wela 
3 WG8 (09035) Weld 

IJc% 
Long. 
Trans. 
Trans. 
Long. 

Trans. 

Trans. 
Trans. 
Trans. 

Trans, 

Trans. 
Long. 
Long 

Trans. 
Trans 
Long. 
Long. 

Trans.  
Trans.  
Trans. 

225.3(155.3) 
222.4( 153.3) 

224.8( 155.0) 
250.5( 172.7) 

224.2( 154.6) 

217 2( 149.8) 

218.4( 150.6) 
2 4 2 4  167.1) 
241.4( 166.4) 

211.1( 145.6) 

210.8(145.3) 
238.5(164.4) 
239 * 5( 165.1) 

207.4( 143.0) 
196.4( 135.4) 
247.5( 170.6) 
250 e 5( 172.7) 

221 8( 152.9) 
212.3( 147 .l) 
224.2( 154.6) 

214.1( 147.6) 
215.4( 148.5) 
220.2( 151.8) 
221.8( 152.9) 
243.4( 167.8) 

208.1( 143.5) 

212.4( 146.4) 
234.3( 161.5) 
233 3( 160.9) 

206.1( 142.1) 

207.7( 143.2) 
229.5p58.2) 
229.5(158.2) 

192.4( 132.6) 
196 4( 135 a 4) 

236.4( 163 . O )  
244 4( 168.5) 

212.5( 146.5) 

215.1( 148.3) 
207.2( 142.9) 

13.0 57.4 

12.2 56.8 

10.7 51.3 

12.4 56.6 

12.4 52.3 

10.0 47.8 

12.0 55.9 
10.4 49.7 
11.5 52.5 

13.0 59.4 

14.0 61.5 
12.0 54.5 
12.2 53.9 

- 5.5.1 Broke oGtside 
12.8 57.1 gage 

13.5 55.2 
12.0 55.9 

12.2 48.9 

12.6 53.1 p o r o s i t y  
3.2 5.2 Extensive 



Plate 

Weld 
Or 

NO 

Elong. Red.  

Tensile Strength (2.54cm) Area 
i n  1 i n .  i n  

F+,, P ' t s  % % Remarks 
Panel Spec. 

No. No. -- 
Heat Specimen - No. Location Orient.  

W G 8  
WG8 
4CB 

(09620) Weld Trans. 
Weld Trans. 

3960832 Parent Trans. 

223.2(153.9) 214.1(147.6) 11.5 48.7 
223.2( 153.9) 220.2( 151.8) 12.2 51.3 
248.5(171,3) 239.4(165.1) 11.7 53.1 

216 a 2( 149.1) - - 7.6 44.4 Broken i n  w e l d  
away from flaw 

222.2(153.2) 220.2(151.8) 7.5 49.7 Broke i n  flaw 
243.4(167.8) 235.4(162.3) 11.1 57.4 

4 
5 
6 

6 1  2CA 24999 HAZ Flaw Long. 

24999 ETAZ Flaw Long. 
3960829 Parent LO%. 

2 
3 

2CA 
2CB 

225.1( 155.2) 222.0 ( 153.1) 11.1 54 8 
224.0(154.4) 220.0(-151.7) 8.6 50.5 
226 3( 156 .O> 221.2 (152.5) 11.1 57.4 
225.5(155.5) 221.4(152*6) 11.0 51.7 
227.3(156.7) 224.2(154.6) 9.6 54.1 
241.4(166.4) 231.3(159.5) 9.6 48.1 

WG8 
WG8 
WG8 
WG8 
WG8 
3CB 

Weld Trans. 
(63343) Weld Trans I 
(09035) Weld Trans. 
(09620) Weld Trans. 

Weld Trans. 
3960819 Parent Trans. 

227.3(156.7) 224.7(154.9) 11.0 54.1 8 1  (63343) Weld Trans. 

(09620) Weld Trans. 
50187-3 Parent Trans. 

(09035) 
WGlO 

227.2( 156.6) 225.3 (155.3) 9.0 48.1 
247.5( 170.6) 239.8( 165.3) 11 .o 47 .o 

2 
3 

WGlO 
5CB 

63343 Weld Trans. 
63343 Weld Trans. 
24997 Parent Long. 

217.6(150.0) 215.2(148.4) 9 .5  53.1 
227.1(156.6) 225.1(155,2) 11.1 50.5 
255.7p76.3) 245.4(169.2) 11.0 51.1 

9 1  
2 

WlCB 
WlCB 
1CB 3 

24999 Parent Trans. 
24999 Parent Trans. 
24999 Parent Trans. 
24999 Parent Trans. 
24999 Parent Trans. 

258.6(178.3) 254.51175.5) 11.0 48.7 

258.51 178.21 2 53.5 1174.8 1 LO 9 47.7 
258.5(178.2) 251.5(173.4) 10.0 46.5 

253.5( 174.8) 250.5( 172.7) io. 5 47.9 
256.5 176.8 250.5 172.7 8.0 37.3 

11 A 
B 
C 
D 
E 

2CA 
2CA 
2CA 
2CA 
2CA 



Elong. Red. P l a t e  
or (1) i n  1 i n .  i n  

Specimen Tens i l e  S t r eng th  (2.54 cm)Area Panel  Spec Weld Heat 

-L-- -- % Remarks t Y  4 ' 0 -  No. No. No. No. Location Orient .  ; 
11 1 2CA 24999 Parent  Trans. lgl.O(l31.7) 142.3(98.1) 14.1 58.1 1200-i500°F 

2 2CA 24999 Hot Spot Trans. 193.2(133.2) 142.2(98.0) 15.2 57.6 exposure 
3 2CA 24999 Hot Spot Trans. 183.5(126.5) 145.9(100.6) 15.2 62.0 est imated 
4 2CA 24999 Hot Spot Trans. 172.2(118.7) 134.7(92.9) 15.3 63.3 
5 2CA 24999 Hot Spot Trans. 159.3(109.8) 130.7(90.1) 15.7 66.5 

12 A 1CA 249,96 Parent  Long. 248.5(171.3) 246.5(170.0) 11.2 53.1 
B 1CA 24996 Parent  Long. 246.5(170.0) 240.5(165.8) 11.6 54.5 
C 1CA 24996 Parent  Long. 248.5(171.3) 244.5(168.6) 11.8 54.5 
D 1CA 24996 Parent  Long. 248. (171.3) 241.5(166.5) 11.0 52.0 
E 1CA 24996 Parent  Long. 247.5(170.6) 243.5(167.9) 12.2 56.5 

12 1 1CA 24996 Parent  Long. 175.2(120.8) 139.7(96.3) 15.9 67.7 1200-1500°~ 
2 ICA 24996 Hot Spot Long. 177.0(122.0) 131.9(90.9) 15.0 70.1 exposure 
3 1CA 24996 Hot Spot Long. 184.2(127.0) 122.4(84.4) 18.0 65.5 estimated 
4 1CA 24996 Hot Spot Long. 178.2(122.9) 132.1(91.1) 16.7 67.1 
5 1CA 24996 Hot Spot Long. 189.6(130.7) 157.3(108.4) 18.0 62.1 

Mate r i a l :  18 N i .  Marage S tee l ,  Grade 200, 0.6 i n .  (1.524 em) p l a t e .  
Welds : TIG automatic or manual ( r e p a i r s ) .  
Heat Treatment : 
Tes t :  0.250 i n .  (0.635 em) d la  rounds, +75"F (297OK) 

NOTES: (1) Ftu - Ultimate t e n s i l e  s t rength ,  k s i  ( k  N/cm2) 

Solut ion anneal 1650-1700°F ( l170-1200°K), weld, age gOO°F ( 76O0K) 8 hrs  . 

Fty - 0.2% t e n s i l e  y i e l d  s t rength ,  k s i  ( k  N/cm2) 

0 r 

O r 
cn 

I w 
r 

m w 



TABLE 20 

Panel 
No. 

1 
5 

2 
7 

4 
6 

3 

4 
11 

12 

9 

2 

8 

NOTES : 

Plate  
No. 

4CB 
4CB 

3CB 
3CB 

2CB 
2CB 

3CA 

2CA 
2CA 

1CA 

1CB 

4CA 

5CB 

AVERAGE TENSILE PROPERTIES OF SL-3 CHAMBER PLATES 

Material: 18 N i  Marage Steel,  Grade 200, 0.6 i n .  (1.524 c m )  p la te  
Test: 0.250 in .  (0.635 cm) d ia  rounds, +75"F (297 K) 

Spec. Characterizatlon Data Heat Treat Coupons(2) Swcimens From SL-'3 
Fty* 

m 
b+..* Fty* Ftu* Heat(') Orient. 

251(173) 243(168) 
249( 172) 239065) 

3960832 
3960832 

3960819 
3960819 

3960829 
3960829 

3951218 

24999 
24999 

24996 

24997 

25126 

50187-3 

Long. 
Trans. 

Trans. 
Trans. 

Long. 
Long. 

Long. 

Long. 
Trans. 

Long. 

Long. 

Trans. 

Trans. 

(1) Suppliers: Heats 39xxxxx Republic S tee l  
2xxxx Allegheny Ludlum 
5xxxx Cameron Iron Works 

Heat t r e a t  coupon or ientat ion not st ipulated,  assumed t o  be longitudinal when 
comparing with transverse data.  

(2) 

226 (156 ) 
226(156) 

224 (154) 
224(154) 

229(158) 

243( 168) 
243( 168) 

245 (1.69 1 
242( 167) 

226 (156 ) 

236(163) 

242 (167) 
241(166) 

248( 171) 
243(168) 

240(165) 

251(173) 
257 ( 177) 

248( 171) 

256(176) 

241 ( 166 ) 

248(171) 

UNITS: *Ftu 

F,., 

- Ultimate tens i le  strength, ksi  (k.N/cm2) 

- 0.2% tens i le  yield strength,  ksi  (kX/cm2) 



Panel 
No. 

1 

2 

- 

3 

4 

5 

7 

8 

9 

NOTES : 

TABLE 2 1  

AVERAGE TRANSVERSE TENSILE PROPERTIES OF SL-3 CHAMBER FUSION WELD JOINTS 

Material: 18 Ni Marage Steel, Grade 200, 0.6 in. (1.524 Cm) plate 
Test: 0.250 in. (0.635 cm) dia rounds, +75"F (297K) 

Characterization Data Heat Treat Coupons Specimens from SL-3 Joint Filler Wire 
W e l d  Feature Heat Ftu ( l )  Ft (2 )  Ftu(l) Ft (2) F t u ( l )  Fty(2)  

WACB Std.Prod. 08950 217(150) 212(146) 233(161) 226(156) 225 (155) 221(152) 

W2CA Repair 63343 

WG8 Repair (63343) 
Porosity (09035) 

(09620) 

233(161) 226(156) 
198*( 1.36) 192*( 132) 211(145) 207(143) 

WG8 Ultrasonic (63343) 218(150) 210(145) 231(159) 222( 1.53) 226(156) 221( 152) 
Indication (09035) 

(09620) 

WGlO Ultrasonic (63343) 218(150) 210(145) 231(159) 222(153) 227( 156 1 225(155) 
Indication (09035) 

(09620) 

WlCB Magnetic 63343 
Particle 
Indication 

217(150) 211(145) 233( 161) 224( 154) 222 (153) 220(152) 

* 
** 

Repair weld properties calculated as 85$ of automatic weld properties based upon 
NASA 
Extensive porosity in specimen gage section 

CR72126 V o l .  V Figs. 88, 89 

Units:(l)F - Ult'mate tensile strength ksi ( 
(2)F$ - 0.23 tensile yield strength, ksiykTcf ) 



Weld 
o r  

hj w m n 
Avg W/A, i n .  -1b. i n .  2( J/cm2) E 

E SL-3 Case Charac. Data 
Panel P l a t e  Spec imen 

No. No. Location Or ien t .  -- 
1 4CB Parent  Long. 

1 W4CB Weld Trans. 
1 4CB HAZ Long. 

2 4CA Parent  Trans 
2 3CB Parent  Trans. 
2 WG8 Weld Trans. 

3 3CA Parent  Long. 
3 W3CA Weld Trans. 

4 2CB Parent  Long. 

4 W2CA Weld Trans. 

hj 
P, w 
(D 

I--L 

0 
th 

h, 4 2CA Parent  Long. 

5 4CB Parent  Trans. 
5 WG8 Weld Trans.  

6 2CA HAZ (Flaw) Long. 
6 2CB Parent  Long. 

7 3CB Parent  Trans. 
7 WG8 Weld Trans. 

8 5CB Parent  Trans.  
8 WGlO Weld Trans. 

9 1CB Parent  Long. 
9 WlCB Weld Trans. 

W/A 

938( 16.4), 974( 17 .O) , 1001( 17.5) 
1009( 17.6), 940( 16.4) ,  967( 16.9) 
1267(22.2), 1323(23.2), 1324(23.2) 

725(12.7),  705(12.3) 
675(11-.8), 720(12.6) 

85o(i4.9), 928(16.2) 
1418( 24.8) , 1184 ( 20.7) 

1409( 24.6) ,, 1295( 22 7)  

686( 12 .o) 
1385(24.2),  1310(22.9) , 1262(22.1) 

509 (8.9) 
1003(17.6),  980(17.2) 

654(11.4) 
828( 1 4 . 9 ,  1679( 29.4) 

m * 
Sgo(15.6) 1280(22.4) ::E 

n w ~r m m  
1300 ( 22.8) 1320( 23.1)" 

cn 
C N  

F-3 m 
1263( 22.1) r w  N 

1074( 18.8) 0 

Q\ 
-4 
m 

723( 12 .6)  
1050( 18.4) 

1180(20.6) 
747( 1.3.1) 

r 
r 
m 

I 
w 

827( 14 5) 
921( 16.1) 

686( 12 .0)  
1325( 23.2) 

509 (8.9) 
9 9 u  17.3 

1263(22.1) - 

C15( 10.8)  .. 

739( 12 .9)  
1074( 18.8) 



Weld 
Heat Affected Zone 
Parent 

W/A, in .  -lb/in .2 ( ~ / c r n ~ )  
Range Average 

828-1679 ( 14.5-29.4) 1292 (22.6) 
U 827-1009 (14.5-17.6) 936 (16.4) 

509-1103 ( 8.9-19.3) 830 (14.5) E rc 
U 

Material: 
Test : 

18% Ni. Marage Steel,  Grade 200. 
S'Gandard V notch fatigue precracked Charpy Impact, +75"F (297°K) 

+d 
pl 

09 
(D 
tQ NOTES: *Value fo r  f i l l e r  metal heat 08436 only. 
0 m 

1 tQ 



TABLE 2 3  

PLANE STRAIN FRACTURE TOUGHNESS OF SL-3 CHAMBER PLATE AND FUSION WELD JOINTS 

Specimen 
No. Location Orientation 

1-1 Panel 1, 
15.2 Weld 
1 - 3 W4CB 

v 1-4 Panel 1, 
!3 
09 
m 1-6 4CB 
P 
0 
th 1-7 Panel 1, 
c- 1-8 Parent 

1-5 HAZ 

1-9 4CB 

2-1 Panel 2, 
2-2 Weld - WG8 

3-1 Panel 3, 
3-2 Weld - W3CA 

4-1 Panel 4, 
4-2 Weld - W2CA 

5-1 Panel 5, 
5-2 Weld - W G ~  

Trans. 

Long. 

Long. 

Trans. 

Trans. 

Trans ! 

Trans. 

Mat e r i  a1 : 

Crack 
Depth 
- in .  (cm) 

.412 (1.046) 

.42g (1.090) 

.317 (0.805) 

.238 (0.604) 
2 6 9  (0.683) 
e354 (0.899) 

.276 .304 1"07721 0.701 

18 N i  Marage Steel, Grade 200, 0.6 i n .  (1.524 em) Pla t e  
Test: Notched Slow Bend, +75'F (297K) 

374 (6.5)* 295 (5.2) 322 (5.6) 

290 (5.l)* 243 (4.2) 356 (6.2) 
300 (5.2) avg. 253 (4.4) avg. 356 (6.2) avg. 

1.85 (3.2) 95 (1.7) 229 (4.0) 
269 (4.7) 169 (3.0) 290 (5.1) 
240 (4.2). 259 (4.5) 362 (6.3) 

300 (5.2) 222 (3.9) 389 (6.8) 

227 (4.0) avg. 174 (3.0) avg. 294 (5.1) avg. 

237 (4.1)* 266 (4.6) 431 (7.5) 
253 (4.4) 212 (3.7) 472 (8.3) 
253 (4.4) avg. 239 (4.2) avg. 453 (7.9) avg. 

116 (2.0) 121 (2.1) 319 (5.6) 
129 (2.2) 130 (2-3) 3 6  (5.4) 
123 (2.1) avg. 125 (2.2) avg. 312 (5.5) avg. 

163 2.8) 

189 (3.3) avg. 
493 331 [5*81 8.6 
412 (7.2) avg. 

132 2.3) 
141 2.5) 
137 (2.4) avg. 

I 215 3-81 f 

- 175 (3.1) avg. 



TABLE 23 

PLANE STRAIN FRACTURE TOUGHNESS OF SL-3 CHAMBER PLATE AND FUSION WELD JOINTS 

G (Spring) 

Constant 1 (at Nc (Bueckner) (3>+ Crack (1) 
Depth 
- in .  (cm) 

,326 (0.828) 

-376 (0.955) 

(4) 
pL 

212 (3.7) avg. 

106 (1.8)* 

Specimen 
No. Location Or ien ta t ion  
._ 

(4) 
pL 

201 (3.5) avg. 6-1 Panel  6,2CA 
HAZ Flaw 
Panel  6, 
Parent  2CB 

Panel  7, 
Weld 
WG8 

Panel  7, 
Parent  3CB 
Panel 8, 
Weld WGlO 

Panel  8, 
Parent  5CB 

Panel 9, 
Weld WlCB 

Panel 9, 
Parent  1CB 

Panel 11, 
Parent  2CA 
Outside 
Hot spo t  

Long. 

Long. 

Trans. 

Trans. 

Trans. 

Trans, 

Trans. 

Long. 

Trans .  

6-2 136 (2.4) avg. 228 (4.0) avg. 

114 (2.0)* 
171. (3.0)* 

324 (5.7)* 
85 (1-5)* 

159 (2.8)* 

93 (1.6)* 

125 (2.2) 

125 (2.2) avg. 
105 (1.8)* 

162 (2.8)* 

154 (2.7) 

183 (3.2) 

149 (2.6) 
177 (3.1) avg. 
134 (2.3) avg. 

163 (2.8) 
189 (3.3) 
176 (3.1) avg. 
103 (1.8) avg. 

198 (3.5) 

199 (3.5) 

7-1 
7-2 
7- 3 
7-4 
7-5 

w 
(u 

09 
(D 

N 

m 
0 7 -6 

F c 8-1 
8-2 

8-3 

97 (1.7)* 
60 (LO)* 

89 (1.6). 

131 (2.3) 
92 (1.6) 
112 (2.0) avg. 
82 (1.4) avg. 

293 (5.1-1 
209 (3.6) 
251 (4.4) avg. 
102 (1.8) avg. 

9-1 
9-2 

9-3 

11-A .243 (0.618) 

-233 (0.591) 
,268 (0.681) 

.270 (0.686) 

.252 (0.640) 

11-B 
11-c 
11-D 
11 -E 
11-F 
1 1 - G  
11-H 
11-J 



TABLE 23 

PLANE STRAIN FRACTURE TOUGHNESS OF SL-3 CHAMBER PLATE AND FUSION WELD JOINTS 

11-2 

11-3 

11-5 
11-6 
11-7 
11-8 
11-9 

11-4 

12-A 

12-B 
12-c 
12-D 
12-E 
12-F 
12-G 
12 -H 
12-5 

12-1 
12-2 
12-3 
12 -4 
12-5 
12-6 

12-8 
12-9 

12 -7 

Specimen 
Location Or ien ta t ion  
Panel 11, Trans. 
Parent  2CA 
1nsid.e 
Hot Spot 

Panel 12, Long. 
Parent  1CA 
Outside Hot 
spo t  

Panel 12,Inside 
Hot Spot 

Crack (l) 
Depth 
- in .  (cm) 
.244 (0.620) 

,241 (0.612) 

:288 (0.732) 
.260 ( .660) 
.270 (.686) 
.256 (.650) 

251 (.638) 

.272 (.6gr) 

.230 ( .584) 

,'280 ( 

,241 (.612) 

GH, (Spring 
Constant t ; ;)  + 

L 
115 (2.0) 

135 (2.4) 
136 (2.4) 
129 (2.2) 

P 

go (1.6)* 
83 (1.4) 
115 (2.0)* 
105 (1.8) 
117 (2.0) avg. 

153 (2.7) 

164 (2.9) 

150 (2.6) 

140 (2.4) 

142 (2.5) 
159 (2.8) avg. 

153 (2.7) 

200 (3.5) 

177 (3.11.n 

167 (2.9) 

122 (2.1)* 

122 (2.1)* 
96 (1.7>* 
123 (2.2)~ 
143 (2.5)* 

146 (2,6)* 
144 (2.5)* 

GIc (Bueckner)(3)' 
p(4) p(4) 
L M 

105 (1.8) 302 (5.3) 

291 (5.1) 
343 (6.0) 

97 (1.7) 330 (5.8) 
83 (1.4) 324 (5.7) 

107 (1.9) 339 (5.9) 
96 (1.7) 359 (6.3) 
108 (1.9) avg. 

406 (7.1) 

337 (5.9) avg. 

144 (2.5) 180 (3.2) 

158 (2.8) 

158 (2.8) 166 (2.9 
149 (2.6) 

166 (2.9 166 (2.9) 
134 (2.3) 148 (2.6) 
139 (2.4) 
124 (2.2) 
150 (2.6) avg. 

189 (3.3) 

174 (3.0). avg. 

123 (2.2) 346 (6.0) 

103 (1.8) 319 (5.6) 
125 (2.2) 309 (5.4) 

132 (2.3) 
107 (1.9) 
105 (1.8) 372 (6.5 

117 ( 2 . 0 )  
134 (2.3) avg. 



NOTES: (1) 

(2) 

w 
F- 
3 
rn 

2 n 
z 

2 Values of G for crack  depths g r e a t e r  than  0.275 i n .  (0.698 em) 
of quest ionable  v a l i d i t y .  
Spring cons tan t  method, c a l i b r a t i o n  specimens Panel  11, cons tan ts  
Q = 1.158 x 10-5, R = -4.353 x 10-5, S = 8.701 x 10-5, AGC computer 
Program No. 16112 

c3 

w 
M 

c3 
0 
C a 

3 

Bueckner Method, AGC Computer Program No. 16107 
PL = load a t  p ropor t iona l  l i m i t ,  PM = maximum load 

Units :  T,GNc, GIc- in . lb / inQ2(J /cm2)  

* Specimen spr ing  cons tan t  r e c i p r o c a l  values  beyond range of 
c a l i b r a t i o n  curve, ca lcu la ted  values  not  v a l i d .  Not used 
i n  c a l c u l a t i o n  of average. 



NASA CR 72676 

TABLE 24 

AVERAGE PLANE STRAIN FRACTURE TOUGHNESS OF SL-3 CHAMBER PLATES 

Charact.  Heat-Treat 
Data Coupons Specimens from SL-3 

Panel P l a t e  Spec. -- No. No. H e a t  No. Orient .  G NC GNc(l) G&) G p  

1 ~ C B  3960832 LOW. 428(7.5) 239(4.2) 227(4.0) 174(3.0) 

6 2CB 3960829 Long. 3 4 W . o )  - *106(1.8) 136(2.4) 

Mate r i a l :  
T e s t  : 

18$ N i .  Marage S t e e l ,  Grade 200, 0.6 i n .  (1.524 em) P l a t e .  
Notched Slow Bend, +75"F (297°K) 

NOTES: *Spring cons tan t  va lues  beyond range of  c a l i b r a t i o n  curve, ca l cu la t ed  
va lues  not  v a l i d .  

value 
T r a v e r s e  h e a t - t r e a t  coupon value ca l cu la t ed  as 85% of long t tud ina l  

(1) ENc, ca lcu la t ed  using spr ing  constant  method, propor t iona l  l i m i t  load .  
(2) GzcJ ca lcu la t ed  using Buechner method, propor t iona l  l i m i t  load .  

uN7TS: GI, - i n .  - lb / in .  2 (J/cm2) 



Material: 18% N i  Marage S tee l ,  Grade 200 ,  0 .6  in .  ( 1 . 5 2 4  cm) P l a t e .  
'd Test: Notched Slow Bend, + 75'F (297  K ) .  r 
E 
M F i l l e r  Character  i- Heat Treat 

t p  
Cou ons - Specimens from SL- 3 

~ ~ ~ ( 1 ) '  GIc( 2 ,  1- d3) H 

2 
f1) 1- Panel  J o i n t  Wire za t ion  Data - -  No. Weld Fea ture  Heat G N p  GNc  

z 
1 WACB Std.  08950 398 ( 7 . 0 )  435 ( 7 . 6 )  NV 182 ( 3 . 2 )  357 ( 6 . 2 )  

Prod. c3 
r-3 

1 2 WG8 Burn 63343 356 ( 6 . 2 )  412 (7.2)* 253 ( 4 . 4 )  239 ( 4 . 2 )  453 ( 7 . 9 )  
Thru 09035 

09620 I3 !z 
123 ( 2 . 2 )  125 ( 2 . 2 )  312 ( 5 . 5 )  3 + E s 

3 z  CJ 
m r  a 
m n  4 

3 W3CA Repair  63343 290 (5.1) 412 (7.2)* 
0 8 436 
08950 

189 ( 3 . 3 )  137 ( 2 . 4 )  412 ( 7 . 2 )  

440 ( 7 . 7 )  
4 
m 

4 W2CA Repair 63343 218 ( 3 . 8 )  412 (7 .2)*  

I 
W 

5 WG8 Repair 63343 356 ( 6 . 2 )  412 (7.2)* NV 175 (3 .1)  
Poros i ty  09035 

09620 

7 WG8 Ultra.  63343 356 ( 6 . 2 )  435 ( 7 . 6 )  Nv 171 ( 3 . 0 )  
Ind. 09035 

09620 

8 WGlO Ultra.  63343 356 ( 6 . 2 )  435 ( 7 . 6 )  NV 176 ( 3 . 1 )  
Ind. 09035 

09620 

9 WlCB Mag.Part. 63343 218 ( 3 . 8 )  435 ( 7 . 6 )  NV 112 ( 2 . 0 )  
Ind. 

Notes: *Repair va lue  f o r  63343 f i l l e r  hea t  t r e a t  coupon used f o r  comparison of t e s t  da t a  
r e p a i r  welds 

NV-Test i nva l id ,  spr ing  cons tan t  beyond c a l i b r a t i o n  curve range 

c3 
X 

$3 300 ( 5 . 2 )  

G 
r 

H 
0 z 

306 ( 5 . 4 )  5 

251 ( 4 . 4 )  i3 r 
U 
4 
0 

f ron  



Calcula ted  ‘Nc Notes: 

(2) Calculated 

( 3 )  Calculated 

‘IC 

GIc 

using 

using 

using 

2 Units: f G N c ,  GIc, -e i n - lb / in  

Spring Constant Method, Propor t iona l  L i m i t  Load 

Bueckner Method, Propor t iona l  L i m i t  Load 

Bueckner Method, Maximum Load 

2 
( J /cm 



NASA CR 72676 

TABLE 26 

Panel 
No. 

1 

4 

AVERAGE PLANE STRAIN FRACTURE TOUGHNESS OF REPAIRED 
AND UNREPAIRED SL-3 CHAMBER FUSION WELD JOINTS 

Weld No. Joint Feature Average GI- (l)+ 
W4CB Standard Product ion 357( 6.2) 

Automatic We I d  

WG8 Unrepaired Weld 3oN5.2) 

WGlO Unrepaired Weld 306( 5.4) 

WlCB Unrepaired Weld 251(4.4) 

WG8 Burn Through 453(7.9) 

WG8 Porosity, Repaired, Manual 440 (7.7) 

W2CA Multiple (4) Repairs 3 q  5.5) 
Manual 

W2CA Multiple (7) Repairs, 412(7.2) 
Manual 

Material: 
Test: 

18% Ni. Maraging Steel, Grade 200, 0.6 in. (1.524 em) Plate 
Notched Slow Bend, ~75°F (297OK) 

NOTES: (1) Calculated as qualitative value using Bueckner method and 
maximum load, specimen-crack dimensions not considered valid 
for toughness-strength levels of welds. 

UNITS: +GI, - in. lb/in.2 (J/cm2) 

c 



TABLE 27 

COMPARISON OF AVERAGE PEd-SAl3 STRAIN FRACTURE TOUGHNESS OF SL-3 CHAMBER PLATES 

Material: 
Test: 

18% N i  Marage S t e e l ,  Grade  200, 0.6 i n  (1.524 cm) P l a t e  
Notched  S l o w  Bend, + 75OF (297 K)  

P a n e  1 P l a t e  Heat 
No. - No. No. - 

1. 4CB 3960832 

11 2CA 24999 

12 1CA 24996 

(I)? 
G N c  - 

Specimen C h a r a c t e r  i- Heat Treat SL-3 
O r i e n t a t i o n  z a t i o n  Data Coupons Spec  h e n s  

Long 428 (7.5) 239 (4.2) 227 (4.0) 

T r a n s  2 2 3  (3.4) 197 ( 3 . 4 ) ( 3 )  211 (3.7) 

Long 204 (3.6) 153 (2.7) 159 (2.8) 

Notes: (1) C a l c u l a t e d  u s i n g  S p r i n g  C o n s t a n t  Method, P r o p o r t i o n a l  L i m i t  Load 

(2)  
(3)  T r a n s v e r s e  h e a t  t r e a t  coupon v a l u e  c a l c u l a t e d  as 85% of l o n g i t u d i n a l  v a l u e  

C a l c u l a t e d  u s i n g  Bueckner  Method, P r o p o r t i o n a l  L i m i t  Load 

2 2 
U n i t s :  GNc9 GIc -- i n - l b / i n  ( J / c m  ) 

0 
%I 

z 
(21.1. 

G3 
SL-3 

Spec imens  

174 (3.0) 
cn 

2 
200 (3.5) 2 p 

2 E g  
150 (2.6) 2 $ 

P I 0 - l  
M - I N  m 
I4 m 8 

0 r 
cn 

I w 
r 



T y p i c a l  Weld Edge P r e p a r a t i o n  



NASA CR 72676 

*635 
2 Place 

2 Places 

1 
.252 +*O0O Dia -a03 

.28R BleM 
2 Places 

Tensile Specimen 

P j 4 5 0 / k  

Slaw-No.tch-Bemd Specimen 

WdC y fmpact Specimen 

Note: Dimensions in inches. 

Specimen Configurations 

Figure 2 



NASA CR 72676 

34.5.- 

. .  
3CO-O- 

9 0 - 1  
19.C r 

1 8 0  - 

L 
I5.C 

+'o-t 

345'- 

3CO--0*- 

I 
t 
15.0 -- 

NO. 3 1 
30.0 'I 30.0 

Luo.  I?. 
70.0 L 30.0 

3 1 ' 5  I- 
T- 30.0' 30.t 

I C - 8  
__. 

W 4 - 0  

1'""1 
30.0 NO. L 30.0 5 i. 
3c-  A 

--r 
81.0 

NO. I \ /  
45.0% 30.0 

W 4 C k  

W I C B  i 1 
3 0 . 0 ~  9 NO. 2 30.0 

1 
15.0 

t -- 

wq-1 

t -- I..-. 

6 W 4 C B  

\-NO. I 
30.0 % 30.0 

r 

4C- B 

1 & 30.0% NO., 3ao 

- wq-a 

G1.0 

\ 

/ 
L NO. 6 
30.01 30.0 

\NO. 3 0 . 0 ~  4 50.0 

W S C A  

5 C - A  - 

W S C E  

5C- B 

--+- 
wci-9 L wq-IO 

-345'  

-360-0-  

- 90' 

- 180' 

- 210' 

NOTE: Dimension i n  inches 

Test Panel Locations 

Figure 3 



WASA CR 72676 

PANEL NO. 1 

J A f t  

* 
I 

W3CA - 0' (0 rad 

I 

PANEL NO. 3 

1- 
WG-8 

PANEL NO. 5 
ote :  Dimensions in inches. 

W3CB c 

+T----- 
8.5" 

(21.6 CR 

- 180" (3.14 rad) 

Aft \ 

WG-8 

PANEL NO, 2 

4 A f t  

I 

W2CA - 0' ( 0  r ad )  

I 

___ 32" 
(81 cm) 

WG-10 
- ~ -  PANEL NO. 4 

30" (76 cm) 

WG-9 
PANE3, NO, 6 

T e s t  Panel  Or i en ta t ion  - Looking a t  Exterior Surface 

Figure 4 
Sheet  1 of  2 



NASA CR 72676 

A f t  
CII 

PANEL NO. 7 

r , A f t  

wG-6 
PANEL NO. 9 

-_I_. 

89" (226 em) 

A f t  9. 

WG-9 
PANEL NO. 11 
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A f t  
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13.25" 
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PANEL rlo. i o  WG-11 

21" (53.4 1 '  Clli) j 

WG-6 PANEL NO. 12 I 

Test Panel  Or i en ta t ion  - Looking at Exte r io r  Surface 

Figure 4 
Sheet  2 of 2 
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WhCB Weld Deposit Configuration 

Figure 5 
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Task I11 Test Specimen Layout 
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Figure 6 
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EAGNIFICATION:  lOOX ETCHANT: MARBLES 

M i c r o s t r u c t u r e  of Standard Production 
A u t o m a t i c  Weld - T e s t  Panel N o .  1 

Figure  7 
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Test Panel No. I Hardness Traverse 

Figure 8 
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Panel 2 s e c t i o n  t r ansve r se  t o  WG8 weld. Sec t ion  i s  through reg ion  

of weld burnthrough occurr ing when cy l inder  r o t a t i o n  stopped during welding. 

2X; marbles etch;  0. D. su r f ace  at top  

Panel 3 s e c t i o n  t r ansve r se  t o  W3CA weld. Sec t ion  i s  through reg ion  

of  fou r  overlapping weld r e p a i r s .  2X; marbles etch; 0. D. sur face  a t  t op  

TYPICAL WELDS - TEST PAXEIS 2 THROUGH 5 

Figure 9 ,  Sheet 1 of 2 
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Panel 4 section transverse t o  W2CA weld. Section i s  through region 

of seven multiple repa i rs .  2X; marbles etch; 0. D. surface a t  top 

Panel 5 section transverse t o  WG8 weld. Typical section is through 

region of multiple scattered porosity, arrow, and several  weld repairs .  

2X; marbles etch; 0. D .  surface at top  

TYPICAL WELDS - TEST PANELS 2 THROUGH 5 

Figure  9 ,  Sheet 2 of 2 
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3 Panel Sec t ion  Planes 2 3 .  

.5" (1.27 em) 4 

11 5" - 
(29.2 e m )  

Panel  
Or i en ta t ion  
Line 

Micros 

6-1 ( 2 )  
6 4  3) 

\ 

L Micro 
6-1(4) 

2CA 
P l a t e  

W2CB 
wC.1 a 

- 1 75" (4.44 cm) 

I n i t i a l  Panel 6 Evaluat ion Planes 

Figure 10 
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ltFlawll 

L 
WG8 
Weld 

Grain 
Longitudinal 

NOTCH 
BEND 
6-1 

PLATE 
2CB 

Censi 

6-: 

#- 

3 

- 
Impact 
6-2 

PLATE 
2CA 

6 

- 1 1 1 - - -  

Specimen Layout in Panel No. 6 in Vicinity 
of Radiographically Detected "Flaw" 

: 3  



6-1 (3 )  
lOOX 

6-1 (2) 
l O O X  

6-1 (1) 
l O O X  

Plane 1 Plane 2 3X Plane 1 3X 

Panel  6 Macro and Micro Examinations - Marble Etch 

Figure 1 2  



6-1 ( 4 )  6-  3 

Heat a f f e c t e d  zone mic ros t ruc tu re  i n  r eg ions  beyond i n d i c a t i o n  i n  Panel No. 6, Plane 1 l e f t ,  
Plane 3 r i g h t .  
(Figure 12)  r eg ion  over a band f o u r  t i m e s  as wide. 

Width of s t r u c t u r a l  changes seen i n  6-3 r i g h t  occurs  i n  6-1 i n d i c a t i o n  

lOOX Marbles e tch.  

Panel 6 Mic ros t ruc tu ra l  Examinations 

Figure 1 3  



Plane 4 Plane  5 

"Flaw" arrows i n  hea t  a f f e c t e d  zone of p l a t e  2CA i n  Panel No. 6 after t e n s i l e  t e s t s .  
(Plane 4), l e f t ,  f a i l e d  i n  weld; specimen (Plane 5), r i g h t ,  f a i l e d  i n  "flaw". 
Magnif icat ion 4X. Marbles e tchan t .  

Specimen 

Sec t ions  Through "Flaw" in  Panel No. 6 P lanes  4 and 5 

Figure 14 
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Plane 4 

Plane 5 
Frac-bure regions of Panel No. 6 tensile specimens; Planes 4, above, showing weld micro- 
structure, Plane 5, below, showing "flaw" microstructure. 
of Ti (C, N) compounds. Fracture surfaces to right. Magnification 1OOX. Marbles etchant 

Dark voids due to pullout 

Fracture Regions of Panel No. 6 Tensile Specimens - Planes 4 and 5 
Figure 15 

" 



Section through heat affected zone of p la te  2CA i n  Panel No. 6 a f t e r  impact 
t e s t ,  specimen 6ci. View i s  of base of specimen. Through-the-thickness notch, 
oriented pa ra l l e l  to r f rac ture ,  above r ight ,  was located i n  " f l a w "  but about 
0.4 inch (1.02 cm) beyond plane of view. 
features i s  observed, i . e . ,  the view plane i s  beyond the flaw. Magnification 
1OOX. Marbles etchant. 

No evidence of abnormal microstructural 

Fracture Region of Panel No. 6 Impact Specimen-Plane 6 

Figure 16 



T r a n s i t i o n  mic ros t ruc tu re  i n  hea t  a f f e c t e d  zone of P l a t e  No. 8 (weld toward l e f t ) .  
s t r u c t u r e  i n  Panel N o .  6, Figure 12. 
occurr ing i n  b a r r e l s  and by t h e  thermal h i s t o r y  of t h e  H A Z .  

lOOX Marbles e t chan t .  

Compare t o  broad band of 
Fine p a r t i c l e s  may be  r eve r t ed  a u s t e n i t e  s t a b i l i z e d  by a l l o y  seg rega t ion  

‘I 

Panel  No. 8 Mic ros t ruc tu ra l  Examination 

Figure 1 7  
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Microhardness Transverse Through Radiographic and Magnetic 
Particle Indication Region of Plate No. 6, Plane 1 

Figure 18 
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44 
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36 

Weld 

Approximate Zones for All Traverses 

Parent 

Weld-to-Parent Microhardness Traverses Plate 6, 
Section through Radiographic Indication, Section Plane 6-1 

F i g u r e  19 
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Typical Microhardness Weld-to-Parent Traverses Plate 6. Section 6-1 Outside 
High-Density Indication and Section 6-2 Through High-Density Indication 

Figure 20 
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X 
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SECTION PLANES 

+ 17.y 
(4.45 ern) 
TYP * 1 
x- 2 
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B 

I 
x-1 
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v 

LI 

x 
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c 

c- 0.25~1 
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NOTE: X = Panel No., i.e., 7, 8, and 9 

P l a t e  No. T,-in (em) 

7 23.0 (58 .5)  
a 17.0 (43.2) 

17.5 (44.5) 9 

Panels 7, 8, and 9 Eva‘Luatictn Section Planes 

Figure 21 
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Sect ion Plane 1 

Sect ion Plane 2 

P l a t e  7 Sect ions Transverse t o  WG8 Weld, O,D, Surface a t  Top, Sect ion Planes 1 
and 2. 
Left  of Bottom Photo,)  3X Marbles Etch, 

Normal Micros t ruc ture .  \ (Evidence of Abrasive Wheel Cut-Off Burn Lower 

Figure 22 
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Section Plane 4 

P l a t e  7 Sections Transverse to WG8 Weld. 
Section Planes 3 and 4. Normal Microstructure. 3X Marbles Etch, 

O.D. Surface a t  Top, 

Figure 23 
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Section Plane 5 .  

Section Plane 6 

P l a t e  7 Sec t ions  Transverse t o  WG8 Weld. O.D. Surface a t  Top. Sec t ion  Planes 5 and 
6 .  Normal Micros t ruc ture .  3X Marbles Etch. 

Figure 24 
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Sect ion  Plane 1 

Section. Plane 2 

P l a t e  8 Sect ions  Transverse t o  WGlO Weld. 
I and 2. Normal Microstructure .  Marbles Etch,  

0 , D .  Surface a t  Top, Sec t ion  Planes 

Figure 25 
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Section Plane 3 

Section plane 4 

Plate 8 Sections Transverse to WGlO Weld. 0 ,D.  Surface at Top. Section Planes 
3 and Normal Microstructure. (Horizontal Streks are Etching Stains.) 
3 Marbles E t c h ,  

F igure  26 



NASA CR 72676 

Sect ion  Plane 5 

Sec t ion  Plane 6 

Plate 8 Sec t ions  Transverse t o  WGlO Weld, 
5 and 6 ,  fJomnal Microstructure .  3X Marbles Etch. 

O.D, Surface a t  Top. Sec t ion  P lanes  

F igure  27 
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Section Plane 1 

I____.__ ~ _ _  

Sec t ion  Plane 2 

P l a t e  9 Sec t ion  Transverse t o  WlCB Weld. O.D, Surface a t  Top. Sec t ion  Planes 
1 and 2. Normal Microstructure .  3X Marbles Etch. 

F igure  28  
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Sec t ion  Plane 3 

Sec t ion  Plane 4 

P l a t e  9 Sec t ion  Transverse t o  WEB Weld. O,D, Surface at  Top, Sec t ion  Planes 
3 and 4. Normal Mic ros t ruc t r e ,  
Lower Photo,)  3X Marbles Etch. 

(Evidence o f  Abrasive Wheel Cut-Off Burn i n  

F igure  29 
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- _ _ _ _ ~ ~ ~ ~ ~  

Sect ion  Plane 5 

Sec t ion  plane 6 

P l a t e  9 Sec t ions  Transverse t o  WlCB Weld. 
5 and 6. Normal Microstructure ,  
3 X  Marbles Etch. 

O.D. Surface a t  Top. Sec t ion  Planes 
Weld Repair on I.D. Surface Evident ,  

Figure 30 



Microhardness Traverses Through Typical Welds, Panel  N G .  1 Standard; 
Panels No. 7, 8, 9 Typical Mid-Thickness Traverses 
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46 

- O.D. Panel No. 7 

42 

52 

48 

44 

48 

44 

I ‘ I  

Typical I .D. ,  O.D. and Center Microhardness Traverses, 
Panels No. 7, 8, and 9 

Figure 32 



a. Layout of Thickness Measurement Locations: 

0.12 (0.32 cm) 

Plane of cuts 
Through Thin Spots 

-- 

0.75 (1.91 cm) 
I 

=;f 0.12 (0.32 cm) 

b. Table of Thickness Measurements 

Station Thickness Dim. Station 
No. Inch - (cmj No. - -  
1 0.653 

3 0.651 

6 0.636 
7 0.629 
8 0.621 
9 0.607 

11 0.586 

13 0.565 
14 0.565 

2 0.652 

4 0.647 
5 0.641 

10 0 597 

12 0.577 

1.5 0 - 571 
16 0.582 
17 0.593 
18 0.602 
19 0.612 
20 0.617 
21 0.624 
22 0.628 
23 0.635 
24 0.639 
25 0.574 

NOTE: Numbers represent thickness reading station locations. 
Measurements spaced spproximately 0.25 inch (0.64 cm) apart. 

Panel No. 10 Micrometer Thickness Measurements 

1.659 26 
1.656 27 
1.654 28 
1.643 29 
1.628 30 
1.615 31 
1.598 32 
1.577 33 
1.542 34 
1.516 35 
1.488 36 
1.466 37 
1.435 38 
1.435 39 
1.450 40 
1.478 41 
1.506 42 
1.529 43 
1.554 44 
1.567 45 
1.585 46 
1 a 595 47 
1.613 48 
1.623 49 
1.458 50 

- 
0.587 

0.602 
0.611 
0.619 

0.595 

0.628 
0 633 
0.639 
0.643 
0.646 
0.650 
0.651 

0.652 
0.653 

0.586 
0.586 
0 592 
0.601 

0.617 

0.632 
0.636 

0.608 

0.622 
0.626 

0.639 

Thickness Dim. 
Inch (cm] - 

1.491 
1.511 
1.529 

1.572 
1.552 

1.595 
1.608 
1.623 
1.633 
1.641 
1.651 
1.654 
1.659 
1.656 
1.488 
1.488 0 
1.504 
1.526 q 
1.544 N 
1.567 2 
1 * 590 
1.605 
1.615 
1.623 

1.580 o\ 

a 
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a. Through-the-Thickness Hardness Adjacent to Thin Spot in 
Panel No. 10 

0 - r l  .400 .600 
( 1.524) 

Distance from O.D. Surface, Inches (cm) 

b. Hardness Traverse Through Standard Production Weld 260 
Motor Case S/N SL-3. 

Pare _I 
- W4CA 
Weld 

.960 1.2 

O.D. 

--- Center 

- Parent 
1.600 1.920 

(1.626) (2.438) (3.251) (4.064) (4.876) 
Position, Inches (cm) 

Panel No. 10 Thin Area Microhardness Compared to Standard Productions Weld 

Figure 34 
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Typical  H o t  Spot on Motor 260-SL-3 

F igu re  35 



Orient. 

\ 15.0 (38.1 em) 

-9 

Mote: Dimensions in inches. 

89.0 (226.1 

Unaffected 
Area 

Test Specimen Layout for Panel No. 11 

Figure 36 
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Test Specimen Iayodt for Panel l70 . 12 
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Numbers Indicate Surface Hardness Readings in R,. 
(A) H e a t  Affected Area; (B) Unaffected Area 

Specimen Layout for Panel No. 11 
Figure 38 



NASA CR 72676 

(B) 
Numbers Indicate Surface Haraness Readings in R 

(A) Heat Affected Area; (B) Unaffected Area, C 

Specimen Layout for Panel No, 12 

Figure 39 
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Positions 

Position 

Microhardness Measurements, Panel No. 11 
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Spacing Between 
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24 
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Microhardwss Measurements, Panel  No. 12 

Figure  41 
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I.D. 

O.D. 

Hot spot area, dark etching portion, of Panel 11. 2.X. Marbles etch, 

22 24 

Microstructural examinations in areas shown 

Hot Spot Microstructural Examination of Panel No. 11 

Figure  42 



a 

Comparison of Panel 11 Microstructure Near ID Surface 



Comparison of micros t ruc tures  of P l a t e  11 away from I . D .  su r f ace ,  i n  hot  spo t  a r e a  23, l e f t ;  i n  hot spo t  area 2 1  
center ;  ou t s ide  ho t  s p o t  a r ea ,  r i g h t .  N o  evidence of thermal e f f e c t s  i n  t h e  a rea  23 o r  21.  Magnif icat ion 1OOX. 
Etchant 10% chromic ac id  e l e c t r o l y t i c .  

Comparison of Panel No .  1 1 M i c r o s t r u c t u r e s  Away From 1 . D .  Surface 

Figure 44 
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Pla te  12 

a. 

b.  

C .  

Near I . D .  surface i n  
hot spot area. No thermal 
e f fec ts .  1OOX. 
10% chromic acid electro- 
l y t i c  etch. 

Near I.D. surface away 
from hot spot area. No 
thermal e f fec ts .  1OOX. 
10% chromic acid electro- 
l y t i c  etch. 

Same a s  b. 
marbles e t  

except 
Ch. 

Microstructural Examination of Test Panel No. 12 

Figure 45 
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Effect of Overheating Aged 18% Ni Maraging Steel 

Figure 46 
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Tensile Proper t ies  of  18 Ni Marage Steel P l a t e s  

Figure 47 
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8 Longitudinal 

Transverse 

230 235 240 245 2 50 
(158.6) (162.0) (165.5) (168.9) (172.4) 

Average Fm - k s i  (kN/cm2) 

Average Precracked Charpy Impact vs 
Average Tensi le  Yield Strength for 

260 Motor Case SL-3 Parent  P l a t e s ,  +75"F (297'K) 

Figure 49 
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APPENDIX 

AGC-34315 DEVELOPMENT SPECIFICATION STEEL PLATES, 
MARAGING 18 PERCENT NICKEL 

and 

AGC-34326 DEVELOPMENT SPECIFICATION WIRE FILLER; 
18 PERCENT NICKEL MARAGING STEEL, FOR FUSION WELDING 
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E N E  TI 0 
DENT, 

AGC- 34315 
Amendment 1 
3 Apri l  1964 

STEEL PLATES, MARAGING, 
18 PERCENT NICKEL 

This amendment  f o r m s  a p a r t  of Aeroje t -Genera l  Corporat ion 
Specification AGC- 34315. 

P a r a g r a p h  3.3 

' I , ,  , solution t rea ted  a f t e r  roll ing at 1500 t 25" F 
for.. ". . . solution t rea ted  after roll ing a t  a nominal 
tempera ture  i n  the range between 1650 and 
1700" F for. e e 

- Delete: 

Substitute: 

Authorized for Release:  

Spe c$ic a$ons and Standards  
Solid Rocket  Plan t  
Sac r a m  ento 

Page 1 
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AGC- 34315 
22  August 1963 

DEVELOPMENT SPECIFICATION 

STEEL PLATES, MARAGING, 18 PERCENT NICKEL 

1. SCOPE 

1.1 Scope. - This specification covers three classes of 
maraging 18 percent nickel steel plate, 200,000 pounds per square inch 
(psi) minimum yield strength, 

1.2 Classification. - Maraging ,steel plates shall be classified 
in accordance with the melting practice used in manufacture as follows: 

Grade - 
A 
B 
C 

Melting Practice 

Vacuum-arc remelted 
Vacuum degassed 
Ai r  melted 

2. APPLICABLE DOCUMENTS 

2.1 Department of Defense documents. - Unless otherwise 
specified, the following documents, listed in the issue of the Depart- 
ment of Defense Index of Specifications and Standards in effect on the 
date of invitation for bids, shall form a part of this specification to the 
extent specified herein. 

SPECIFIC AT ION 

Military 

MIL-C-16173 C or r os ion P r event ive Compound, Solvent 
Cutback, Cold-Applications 

STANDARDS 

Fede r a1 

Fed. Test Method Metals: Test Methods 
Std. No, 151 

Fed. Std. No. 183 Continuous Identification Marking of Iron 
and Steel Products 

(Copies of documents required by contractors in connection with specific 
procurement functions should be obtained as indicated in the Department 
of Defense Index of Specifications and Standards, ) 

Page 2 
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Aero  je t - Genera l  Corpora  tion 
AGC- 34315 

2 .  2 Other  documents. - Unless otherwise specified, the 
following documents ,  of the i ssue  in effect on the date of invitation - 
for  bids,  shal l  f o r m  a pa r t  of this specification to the extent speci-  
f ied h e r  e in. 

SPECIFICATION 

Society of Automotive Engineers  

AM§ - 1252 To le rances ,  Alloy S tee l  Sheet,  S t r ip ,  
and Pla te  

(Copies may  be obtained f rom the Society of Automotive Eng inee r s ,  
Inc. a 485 Lexington Avenue, New York 17, New York.) 

PUBLICATION 

Amer ican  Society for  Testing and Mate r i a l s  

ASTM E 45 Recommended P r a c t i c e  fo r  Determining 
the Inclusion Content of S tee l  

(Copies m a y  be obtained f rom Amer ican  Society for  Test ing and 
M a t e r i a l s ,  1916 R a c e  S t ree t ,  Philadelphia 3, Pennsylvania. ) 

2 .  3 Aeroje t -Genera l  Corporation documents. - Unless other-  
wise  specified,  the following documents ,  of the la tes t  i s sue  in effect, - 
shall f o r m  a pa r t  of this specification to the extent specified herein.  

SPECIFICATIONS 

AGC - 32 1 15 Ultrasonic  Inspection of Maraging Steel  

AGC-32116 Magnetic Pa r t i c l e  Inspection of F e r r o -  
Magnetic Mate r i a l s  

3, REQUIREMENTS 

3.1 Chemica l  composition. - The s t ee l  shal l  contain the follow- 
ing e lements  within the l imi t s  as indicated: 

Percent 

(a) Carbon 
(b) Manganese 
(c) Silicon 

_- -  0.03 - - -  0. l o  
- - -  0. l o  

Page 3 
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Aero je t- General Corporation 
AGC- 343 15 

Element 

(d) Phosphorus 
(e) Sulfur 
( f )  Nickel 
(6)  Titanium 
(h) Aluminum 
(i) Cobalt 
(j) Molybdenum 

Percent 
M a  - M in 

- - - -  0.025 
s--- 0.01 
17.5 19. 0 

0.05 0. 25 
0.05 0. 15 

4.0 4.5 
7.0 a. o 

3.2 Melting practice. - The melting practice used in the manu- 
facture of the steel shall be in accordance with the following: 

Grade Melting Practice 

‘ A  
B 
C 

Vacuum - a r  c remelted 
Vacuum degassed 
Air melted 

3.2.1 Additives. - The following materials shall be added to 
the steel during melting: 

Mate r ia l  

(a) Boron 
(b) Zirconium 
(c) Calcium 

Amount, Percent 

0.003 
0.02 
0.06 in increments of 0.02 

\ 

3.3 Solution treatment. - Steel plates shall be solution treated 
after rolling at 1500 - t 25°F for not less than one hour. Plates greater 
than one inch ( in-)  thick shall be held at temperature for time of one 
hour per inch of thickness. 

3.4 Mechanical properties. - The steel plates shall have a yield 
strength of 200,000 to 235,000 psi  at  0.20 percent offset after treatment 
in accordance with 4.4.3. 

3.5 
five or finer; however, occasional grains a s  large a s  three shall be 
acceptable e 

Grain size. - The steel plates shall have a grain size of 

3.6 Inclusion rating. - The inclusion rating shall be determined 
by comparison of the worst area of inclusions found in the test specimens 
with Plate I of Publication ASTM E 45. The inclusion rating of each type 
of thin or  heavy ser ies  of inclusions shall not exceed the following 
ASTM E 45 numerical designations: 
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Type Numer ica l  Designation of Maximum 
Inclusion P e  r m  i s  s ible In clu s ion R at in g 

Thin S e r i e s  Heavy S q r i e s  

A 
B 
C 
D 

1 
2-1 I Z  
2 
2-1 /2  

1- 1 / z  
1- 1 / z  
1-112 
2 

(Titanium ni t r ides  sha l l  be ra ted  as type B inclusions.)  

3,7 To le rances ,  - Tole rances  shal l  be in adcordance with 
Specification ANIS-1152. 
f r o m  f la tness  (waviness ,  kinks, e t c . )  to be 0.15 in. pe r  foot. Maxi- 
mum variat ion f rom f la tness  (buckles,  kinks, oil  canning, etc.  ) sha l l  
be 2 in,  in  any 12 feet  in any direction. 

Maximum r a t e  of change for  any var ia t ion 

3 . 8  Identification. - Steel plates  shall  be marked  in  a c c o r -  
dance with Standard F e d .  Std. No, 183. Marking shal l  not be accom- 
plished with sulfur o r  lead base  inks,  o r  with any other m a t e r i a l  
capable of degrading the physical o r  mechanical  proper t ies  of the 
s teel .  Each  s t ee l  plate sha l l  be identified with the following information: 

(a) Number of this specification 
(b)  Supplier identification 
( c )  Supplier heat  number  
(d) Nominal thic kne s s 

3.9 Defects,  - Steel  plates  shall  conform to Specifications 
AGC-32115 and AGC-32116, 

3, lO Workmanship.  - Steel  plates  furnished under  this speci-  
f ication sha l l  be uniform in quality and contain no  t ea r s ,  c r a c k s ,  s e a m s ,  
laps ,  internal  r u p t u r e s o  imbedded sca l e ,  o r  segregation. Ma te r i a l  su r -  
face  sha l l  have a finish suitable fo r  magnel ic  par t ic le  and ul t rasonic  
inspection. P l a t c s  may  be conditioned by the supplier for  the removal  
of sur face  imperfect ions o r  dep res s ions  on e i ther  sur face  by grinding 
o r  other suitable methods,  provided the a r e a  is well f la red  o r  blended 
and the grinding does  not exceed the flatneBs var ia t ion o r  thickness 
tolerances.  All  conditioning sha l l  be completed before magnet ic  

a r t i c l e  and u l t rasonic  inspection. 
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4. QUALITY ASSURANCE PROVISIONS 

4.1 Supplier responsibil i ty . - 
4.1.1 Inspection. - Unless  otherwise specified, the suppl ier  

is respons ib le  for the per formance  of a l l  inspection requi rements  
specified here in  and may  use  any faci l i t ies  acceptable to the Aerojet-  
Genera l  Corporat ion (AGC). 

4.1.2 P rocess ing  changes. - The supplier shal l  make no 
change$ i n  process ing  techniques o r  othcr  fac tors  affecting the quality 
of the product without p r io r  approval  of AGC. 

4.1.3 Reports .  - The supplier shal l  submit  with each  shipment 
four  copies  of tes t  resu l t s  verifying that the requi rements  of section 3 
have been met.  In addition, this r epor t  sha l l  include: 

Melting p rac t i ce  r epor t  
Additive r e p o r t  
Solution t rea tment  r epor t  
Name of the supplier 
Test ing labora tory  
Purchase  o r d e r  number 
Number of this specification 
Phys ica l  dimensions o r  re ferenced  
engineering document 
Quantity f rom each  hea t  

4.2 Lot  size.  - Each  heat  shal l  constitute a lot. 

4.3 Sampling. - Prepa ra t ion  of s amples  shal l  be  in  accordance  
with Standard Fed .  T e s t  Method Std. No. 151. Selection of samples  
shal l  be as follows: 

4 . 3 . 1  Chemical  composition gra in  s ize  and inclusion rating. - 
At leas t  one sample  shal l  be taken f rom the center  and edge of both ends 
of each  plate fo? the ana lys i s  of chemica l  composition, for  determinat ion 
of gra in  s ize  and fo r  de te rmina t ion  of inclusion rating. Samples  shal l  be 
se lec ted  f rom each a s - ro l l ed  plate. An a s - ro l l ed  plate is the product of 
one slab. 

4.3.2 Mechanical proper t ies .  - At l eas t  three longitudinal tes t  
specimens and th ree  t r a n s v e r s e  tes t  specimens for determinat ion of 
mechanical  p rope r t i e s  sha l l  be p repa red  f rom samples  obtained f rom 
each  a s - ro l l ed  plate. 
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4.3 .  3 Tole rances  and workmanship.  - The de termina t ion  of 
to le rances ,  ul t rasonic  inspection, and magnetic par t ic le  inspection 
sha l l  be pe r fo rmed  on each finished and solution-treated plate. 

4 . 4  T e s t  methods.  - The following tes t  methods shal l  be 
used  to de te rmine  compliance with requi rements  of section 3. 

R euuirem ent Te  s t M e thod 

4. 4.1 
be de termined  
method 11 1 o r  

Chemical  composition 
Melting prac t ice  
Additives 
Solution t reatment  
Mechanic a1 p rope r  tie s 
Grain  s ize  

Inclusion rat ing 
Tolerances  
Identification 
Defects 
W o r  km ails hip 

4.4.1 
4.4,2 
4.4.2 
4.4.2 
4. 4.3 
Fed .  T e s t  Method 
Std. No. 151, 
method 311  
ASTM E 45 
4.4.2 
4e4.2 
4.4.4 
4.4.2 

Chemica l  composition. - 
as specified in Standard Fed. Test  Method Std. No. 151, 
112 ,  o r  other approved method. In the event of variation 

Chemical  coinposition shal l  

of composition, analysis  shal l  be by method 111, except fo r  carbon 
which sha l l  be by the combustion method. 

4.4. 2 Visual examination. - ,Compliance with the requi re -  
men t s  for  melting prac t ice ,  additives,  and solution t reatment ,  sha l l  
be verified by survei l lance by the procur ing  activity and inspection of 
supplier certif ications.  Compliance with the requi rements  for  toler-  
ances ,  identification, workmanship,  and the r equ i r emen t s  of sect ion 5 
sha l l  be verified by visual inspection of the s t ee l  plates  p re sen ted  for  
acceptances 

4, 4. 3 Mechanical  proper t ies .  - Mechanical proper t ies  sha l l  

T e s t  r e su l t s  shal l  be  identified by i tem,  s e r i a l  number ,  
T e s t  spec imens  shal l  be solution t reated a t  1500 t 

be de termined  as specified in Standard Fed. T e s t  Method Std. No. 151, 
method 211, 
heat number ,  etc. 
25°F for  30 minutes ,  air cooled to room tempera ture ,  and aged at 
890 t 1 0 "  F fo r  four  to eight hours .  

- 
s 

L 
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4.4.4 Defects. - Steel plates shal l  be inspected f o r  defects 
as specified in  Specifications ACC-32115 and AGC-32116. Direct  
c u r r e n t  magnet ic  par t ic le  wet-continuous inspection shal l  be used 
employing the yoke method. 
any de t r imenta l  discontinuities. 
o r  g rea t e r .  The inspection media will  be f luorescent  par t ic les .  Any 
cont rovers ia l  indication that cannot be resolved wi l l  be investigated 
fu r the r  by polishing and etching, and viewed employing magnification 
of 1OX o r  higher .  Demagnetization shal l  be accomplished employing 
al ternat ing c u r r e n t  to reduce the res idua l  magnetic field to a levelof  
intensity which wi l l  not be de t r imenta l  during subsequent machining, 
forming,  and welding operations.  

Sufficient c u r r e n t  shal l  be used  to r evea l  
Distance between poles shal l  be 18 in. 

4.5 Retest .  - Rejected pa r t s  shal l  not be resubmit ted for  
inspect ion wilhout furnishing full  pa r t i cu la r s  concerning pr'evious 
reject ion,  and m e a s u r e s  taken to overcome the defects,  

5. PREPARATION FOR DELIVERY 

5.1 P rese rva t ion .  - Unless  otherwise specified, all m a t e r i a l  
sha l l  be p repa red  for  s torage  by  coating with co r ros ion  prevent ive 
compound that conforms to the r equ i r emen t s  of Specification MIL-C- 
16173, grade 2. 

6. NOTES 

6.1 Order ing  data, - Procuremen t  documents should specify 
the following: 

(a) Number of this specification 
(b) P lace  of inspection 
( c )  Lot s i ze  
(d) Place  of del ivery 
(e )  Marking location ( i f  applicable) 
(f) Forming  p rocess  (if applicable) 
(g) Tensi le  coupon spec imen location (if applicable) 

Authorized for Release:  

' J. H. Yetto, Whnager 
Standards and Specifications 

Sacramento  

A'') 

il Solid Rocket P lan t  

THIS DOCUMENT AND THE INFORMATION CONTAINED HEREIN IS NOT TO BE REPRODUCED, USED OR 
DISCLWED TO ANYONE WITHOUT THE PERMISSION OF THE AEROJET-GENERAL CORPORATION: EXCEPT 
THAT THE GOVERNMENT HAS THE RIGHT TO REPRODUCE, USE, AND DISCLOSE FOR GOVERNMENTAL 
PURPOSES (INCLUDING THE RIGHT TO GIVE TO FOREIGN GOVERNMENTS FOR USE AS THE NATIONAL 
ISTEHEST OF THE UNITED STATES M A Y  DEMAND) ALL OR ANY PART OF THIS DOCUMENT AS TO WHICH 
Ai.ROJE1 -GENERAL CORPORATI Is ENTITLED ,TO GRANT THIS RIGHT. 
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AGC - 34 326 
Amendm ent 2 
19 March 1964 
Supe r 8 e din g 
Amendment 1 
27 December 1963 

DEVELOPMENT SPECIFICATION 

WIRE FILLER;  18 PERCENT NICKEL 
MARAGING S T E E L  FOR FUSION WELDING 

This  amendment  f o r m s  a p a r t  of Aerojet-General  Corporat ion 
Specification AGC- 34326. 

P a r a g r a p h  3.1 Add: 

I t (  k) Metall ic calcium 0. 05 (optional)" 

3 , l .  1 (a) Delete and substi tute:  

"(a) Oxygen 

P a r a g r a p h  5 , l .  1 Delete and 

1 

"5.1.1 Containers ,  - 
clean,  hermet ica l ly  sea led  conta iners  with a d r y  in te rna l  a tmosphere.  
The m a t e r i a l  sha l l  be packaged in  such  a manner  as to in su re  f reedom 
of the w i r e  f rom de ter iora t ion ,  due to environmental  conditions, fo r  a 
minimum period of one year  a f t e r  oealing. 

30" 

sub0 t i  tute : 

Coils and rods  sha l l  be packaged i n  

Authorized fo r  Release:  

Specificaeqons and Standards 
Solid Rocket P lan t  
Sac r am ento 
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R A T I O  

AGC- 34326 
4 October 1963 

DEVELOPMENT SPECIFICATION 

WIRE-FILLER; 18 PERCENT MCKEL MARAGING 
STEEL,  FOR FUSION WELDING 

1. SCOPE 

1.1 This  specification covers  the requi rements  fo r  one 
grade of vacuum a r c  remel ted  18 percent  nickel maraging  s t ee l  
f i l l e r  w i re ,  

2.  APPLICABLE DOCUMENTS 

2.1 Department of Defense documents.  - Unless otherwise 
specified, the following documents,  l is ted in the i s sue  of the Depart-  
men t  of Defense Index of Specifications and Standards in  effect on the 
da t e  of invitation for  bids, shal l  form a p a r t  of this specification to 
the extent specified herein.  

STANDARDS 

F e d e r a l  

Fed.  T e s t  Method Meta ls ;  T e s t  Methods 
Std. No. 151 

F e d ,  Std. No. 102 P rese rva t ion ,  Packaging and 
Packing Levels  

Mi l i ta ry  

MIL-STD- 129 Marking for  Shipment and Storage 

(Copies of documents requi red  by cont rac tors  in  connection with 
specif ic  procurement  functions should be obtained as indicated in 
the Department of Defense Index of Specifications and Standards,  ) 
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3. REQUIREMENTS 

3.1 Composition. - The f i l ler  wi re  shal l  be manufactured 
f r o m  vacuum-melted s tee ls  and sha l l  have the following end-product 
chemica l  analysis:  

E lement  

Carbon 
Manganese 
Silicon 
Sulfur 
Phosphorous 
Aluminum 
Nickel 
Cobalt 
Molybdenum 
Titanium 

W t  Yo -- 
0. 03 max  
0.10 m a x  
0.01 m a x  
0 . 0 1  rnax 
0.01 max  
0.1 added 
1 7 . 5 / i a .  5 
7.51a.o 
3 . 6 1 3 . 8  
0.26J0.30 

3.1. 1 Gas impuri t ies .  - Gas impur i t ies  in the m a t e r i a l  shal l  
not exceed the following: 

Element  

(a) Oxygen 
(b)  Hydrogen 
( c )  Nitrogen 

P a r t s  p e r  Million 

20 
5 

35 

3.2 Dimensions and weights. - 
d a r d  spools fo r  u s e  on automatic welding equipment, o r  furnished in 

Wire  sha l l  be wound on stan- 

packages of s t ra ight  lengths. 
dimensions.  d 

The wire  shal l  have the following 

3. Z .  1 Spooled wire .  - Spooled wi re  shal l  have a d i ame te r  f rom 
0.020 to 0.093 inch (in. ) with a tolerance of - f 0.001 in. 
ma te  coil  weight sha l l  be as follows: 

The approxi- 

(a) 0.062 in .diameter  and l a rge r :  25 pounds 
(b) L e s s  than 0. 062 in. d i ame te r :  10 pounds 
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3.2.2 Straight  lengths. - Straight  lengths shall be 36 t 0 .25  in. 
long and shal l  have a d iameter  f rom 0.062 to 0.093 in. with a Tolerance 
of plus 0,002, minus 0.003, A package sha l l  weigh two to five pounds. 

3.3 Uniformity. - The wi re  shal l  m e e t  the following requi re -  
ments :  

3. 3.1 Spooled wire.  - The wi re  on any single spool shal l  be 
one continuous length f rom one heat of mater ia l .  

3.3.2 Straight  wire.  - The wi re  in  a single package shall  
r e p r e s e n t  one h e a t  of mater ia l .  

3 . 4  Workmanship.  - The wi re  sur faces  sha l l  be uniform in  
quality and sha l l  show no  pits,  die m a r k s ,  cor ros ion ,  sca le ,  s c r a p e s ,  spl i ts ,  
c r a c k s ,  s e a m s ,  o r  other defects  and, in addition, the m a t e r i a l  sha l l  contain 
no internal  foreign m a t e r i a l  o r  gas pockets. 
factured so as not to be wavy o r  kinked, and shal l  me l t  and flow 
smoothly during a welding process .  

The w i r e  sha l l  be manu- 

4, QUALITY ASSURANCE PROVISIONS 

4.1 Supplier responsibility. - 
4.1.1 Inspection. - Unless  otherwise specified,  the suppl ier  

is responsible  fo r  the per formance  of all inspection r equ i r emen t s  
specified he re in  and m a y  u s e  any faci l i t ies  acceptable to the Aerojet-  
Gene ra l  Corpora t ion  (AGC). 

4.1.2 P r o c e s s i n g  changes. - The suppl ier  shal l  make  no 
changes in p rocess ing  techniques or  other f ac to r s  affecting the quality 
of the product without p r i o r  approval  of AGC. 

4.2 Sampling, - A sample of filler w i r e  shall be randomly 
selected f r o m  each  heat of wire .  

4.3 Acceptance tes ts .  - Acceptance tes t s  for  individual hea ts  
shall be pe r fo rmed  on each  sample  fo r  all r equ i r emen t s  i n  sect ion 3. 
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4 . 4  T e s t  methods. - T e s t s  to de te rmine  compliance with 
the r equ i r emcn t s  of section 3 shal l  be in accordance  with the following: 

R c quir cm c n t Test  -- 
(a) Composition Method 111, Fed .  T e s t  

(b)  Gas impuri t ies  Method 111, Fed .  Test  
MethcdStd.  No, 151 

MethodStd.  No. 151 
( c )  Dimensions and weights 4.4.1 
(d) Uniformity 4.4.1 
( e )  W or  km anship 4.4.1 

4. 4.1 Visual examination. - Each  weld wi re  sample  sha l l  be 
examined to de t e rmine  compliance with the requi rement  of section 3 
for  dimensions weight, and workmanship.  The suppl ier  shal l  furnish 
certif ication that the m a t e r i a l  m e e t s  the requi rements  of section 3 for  
uniformity . 

4.5 Test .  - The m a t e r i a l  shal l  be chemically analyzed in 
accordance  with method 111 of S tandard  Fed .  T e s t  Method Std. No. 151. 

5. PREPARATION FOR D E L i V L R  Y 

5.1 P r e s e r v a t i o n ,  packaging, and packing. - Except  a s  specified 
here in ,  p reserva t ion ,  packaging, and packing methods shal l  conform to 
level C of Standard Fed.  Std. No. 102. 

5. 1.1 Container.  - Coils and rods sha l l  be packaged in 
hermet ica l ly-sea led  containers ,  insuring cleanl iness  and d ryness .  

5 .1 .2  Spools. - The m a t e r i a l s  and construction of the spools 
shal l  furn ish  protection for  the w i r e  against  damage,  and e lec t r ica l ly  
insulate  the wi re  f r o m  the welding machine spindle. 

5.2 L a y e r  winding. - Wire  shal l  be closely wound in l aye r s ,  
but adjacent turns  within a l a y e r  need not be touching, 
shal l  not produce kinks, waves,  o r  s h a r p  bends. Unwinding of the coil 
shall. be unres t r ic ted ,  without overlapping or wedging. 
end of the coiled wi re  shal l  be m a r k e d  and ahall  be readi ly  accessible .  

The winding 

The t e rmina l  
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5.3 Marking. - Each spool package and shipping container  
sha l l  be marked  in conformance with Standard MIL-STD- 129 and 
sha l l  include, but not be l imited to, the following information: 

( a )  Wire s ize  
(b) Wire quantity 
( c )  Mater ia l  heat  number 
(d) Purchase  o r d e r  number 
( e )  Manufacturer ' s  identification 
(f)  Number of this specification 
(g) Do not open for receiving inspection. 

Verify accountability only 

6. NOTES 

6.1 Intended use.  - Mater ia l  conforming to the requi rements  
of this specification i s  intended for  use on m a t e r i a l  that develops a 
yield s t rength  of 200 to 235 ks i ,  in  the following p rocesses :  

(a) Iner t -gas ,  me ta l - a rc ,  nonconsumable 

(b) Iner t -gas ,  me ta l - a rc ,  consumable e lec t rode  
electrode 

Authorized for  Release:  

Solid Rocket Plant 
Sacramento  

S 

THIS DOCUMENT AND THE INFORMATION CONTAINED HEREIN IS NOT TO BE REPRODUCED, USED OR 

THAT THE GOVERNMENT HAS THE RIGHT T O  REPRODUCE, USE, AND DISCLOSE FOR GOVERNMENTAL 
PURPOSES (INCLUDING THE RIGHT T0,GIVE T O  FOREIGN GOVERNMENTS FOR USE AS THE NATIONAL 
INTEREST OF THE UNITED STATES MAY DEMAND) ALL OR ANY PART OF THIS DOCUMENT AS TO WHICH 

DISCLOSED T O  ANYONE WITHOUT THE PERMISSION OF THE AEROJET-GENERAL CORPORATION: EXCEPT 

AEAOJEl -GENERAL CORPORATION IS ENTITLED TO GRANT THIS RIGHT. 
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