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FATIGUE FLAW GROWTH AND NDI EVALUATION FOR 

PREVENTING THROUGH CRACKS I N  SPACECRAFT TANKAGE STRUCTURES 

Donald E. P e t t i t  and David W. Hoeppner 

The program reported he re in  was conducted t o  determine the fat igue-crack 

propagation behavior of parent  and welded 2219-T87 aluminum a l l o y  sheet 

t e s t e d  under con t ro l l ed  c y c l i c  s t r e s s  conditions i n  room temperature a i r  and 

300°F a i r .  Specimens possessing a n  i n i t i a l  surface defect  of con t ro l l ed  

dimensions were cycled under constant  load amplitude u n t i l  t he  propagating 

f a t igue  crack penetrated the  back surface of t he  specimen. I n  a c t u a l  hard- 

ware any l eak  i n  tankage could cause mission f a i l u r e ;  thus, generation of a 

crack t h a t  could cause a l eak  ( i . e . ,  a through-the-thickness c rack ) ,  

represents  a p o t e n t i a l  f a i l u r e  condition. 

I n  a d d i t i o n  t o  the fat igue-crack propagation study, a s e r i e s  of precracked 

specimens were prepared f o r  a s tudy t o  optimize penetrant ,  X-ray, u l t r a son ic ,  

and eddy current  nondestructive inspect ion procedures. A s e r i e s  of panels 

containing unknown flaws i n  parent  and welded 2219-T87 aluminum then were 

inspected by three  independent l abora to r i e s  using t h e i r  optimized procedures 

f o r  t he  four  N D I  techniques. The panels  then were proof t e s t e d  by applying 

a stress value of 0.9 t i m e s  yield s t r eng th  and reinspected by each laboratory.  

The r e s u l t s  of t h e  f a t i g u e  f l a w  growth and NDI  results are discussed i n  the 

framework of  current  fracture mechanics concepts. 
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FOREWORD 

This r epor t  was  prepared by the  Lockheed-California Company under NASA 
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Spacecraf t  Center of  NASA to determine the  fat igue-crack propagation 

behavior of sur face  flws as they  propagated t o  f l a w  breakthrough on t h e  

specimen's back sur face  and to determine the  a b i l i t y  of cu r ren t  N D I  

techniques to d e t e c t  sur face  f l a w s .  

here in  w e r e  completed between A p r i l  30, 1971, and July 15, 1972. The 

program w a s  conducted under the  t echn ica l  cognizance of M r ,  R.G. Forman of 

NAS/MSC . 
i n  t h e  NDI area.  

The study repor ted  w a s  i n i t i a t e d  by t h e  Manned 

The r e s u l t s  of t h e  program reported 

Mr . W .  L. Castner , a l s o  of NASA/MSC, provided t e c h n i c a l  cognizance 

At t h e  Lockheed-California Company, D r .  David Hoeppner, Senior Kesearch 

S c i e n t i s t  Fracture  Mechanics and Materials Research Group, Rye Canyon 

Research Laboratory, provided t e c h n i c a l  d i r e c t i o n  and program leadership.  

M r -  Donald E.  P e t t i t  w a s  Pr inc ipa l  Inves t iga tor ,  Mr. Wendell Renslen and 

M r .  B i l l  Kerwin conducted t h e  t e s t i n g  program, Mr, John Crocker conducted 

t h e  N D I  i nves t iga t ion ,  M r  . Hugh Pearson (Lockheed-Georgia Company) 

performed t h e  N D I  ana lys i s  work, and M r .  Donald Croke and M r .  John 

Rittenhouse a s s i s t e d  wi th  t h e  cycles- to- leak ana lys i s .  M s .  Sandra Johnson 

did t h e  typing and aided i n  numerous aspects  of t h e  research.  The e f f o r t s  of 

a l l  of those people l i s t e d  i s  g r a t e f u l l y  acknowledged. 
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Section 1 

INTRODUCTION 

This program was i n i t i a t e d  t o  a s ses s  the  p r e d i c t i v e  c a p a b i l i t y  of current  

f r a c t u r e  mechanics/TJDI ana lys i s  procedures as  they apply t o  pressure v e s s e l s  

where f a i l u r e  w i l l  occur by a leak-before-break design c r i t e r i a .  The 

program was conducted i n  two phases; Phase I cons i s t ing  of a fa t igue-crack 

propagation study, and Phase I1 cons i s t ing  of a preliminary determination of 

the  f a t i g u e  crack s i z e  de t ec t ion  l i m i t s  of cu r ren t  nondestructive inspect ion 

procedures. 

Phase I t e s t s  were conducted using precracked surface flaw specimens and 

f a t i g u e  cycling a t  constant amplitude u n t i l  t he  surface f l a w  penetrated the  

back surface of t he  specimen. The va r i ab le s  examined included ma te r i a l  

(parent ,  cross  and long i tud ina l  welds), thickness ,  s t r e s s  r a t i o ,  i n i t i a l  

flaw shape, i n i t i a l  f law depth, maximum s t r e s s ,  and temperature. During the  

program it was found t h a t  i n s u f f i c i e n t  constant amplitude f a t i g u e  crack 

growth r a t e  (dA/dN) da ta  ex i s t ed  t o  allow a determination of t he  experimental 

constants  i n  the p r e d i c t i v e  equations t o  be examined. A s  a r e s u l t ,  some of 

the cycles-to-leak tes ts  were modified t o  f a t i g u e  crack growth r a t e  t e s t s  t o  

provide the  required data.  A matrix of the  Phase I t e s t s  as  modified during 

the  program t o  insure crack penet ra t ion  of t he  back surface i n  l e s s  than 

20,000 cycles i s  presented i n  Table 1. 

The Phase I1 study consis ted of f a b r i c a t i n g  a s e r i e s  of N D I  c a l i b r a t i o n  

blocks containing f a t i g u e  cracks f o r  use i n  optimizing pene t r an t ,  X-ray, 

eddy cu r ren t ,  and u l t r a s o n i c  inspect ion procedures. A series of 20 specimens 

containing f a t i g u e  cracks i n  random loca t ions  then was inspected by Lockheed, 

Magnaflux, and NASA/MSC personnel and the  de t ec t ed  flaws and t h e i r  estimated 

s i z e  recorded. The specimens then were proof loaded t o  90 percent  of t he  

ma te r i a l  y i e l d  s t r e n g t h  and the  inspect ion sequence repeated by the  t h r e e  

1 
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l abo ra to r i e s  e The f l a w  de tec t ion  specimens containing unknown f l a w s  are 

l i s t e d  i n  Table 2, 

The results of t h i s  s tudy  a re  presented here in  wi th in  the  framework of 

cur ren t  f r a c t u r e  mechanics/NDI concepts. 

other NASA programs, t hese  data w i l l  form a basis f o r  t he  assessment of  t h e  

s t r u c t u r a l  r e l i a b i l i t y  of leak  c r i t i c a l  2219-T87 aluminum pressure vesse ls .  

The following sec t ions  of t h i s  r e p o r t  present t h e  t echn ica l  framework and 

r e s u l t s  f o r  each of t h e  two phases of t h i s  s tudy.  

When combined wi th  t h e  r e s u l t s  from 

TABLE 2. FLAW DETECTION SPECIMEN AGOCATIOU 

Specimen 
Type 

Base Metal 

Cross Weld 

Longi t udi na l  
Weld 

S t i f fened  
Panel 

Crack 
Aspect 
Rat io ,  

.1 t o  .5 

.1 t o  .5 

.I t o  e 5  

e 1  t o  .5 
.1 t o  b 5  

.1 to .5 

.1 to .5 

.1 t o  .5 

.1 t o  .5 

a 1  t o  e 5  

.1 t o  e5 

Relative 
Crack 
Depth, 

A/B 

,1 t o  .5 
.1 t o  .5 
.1 to .5 

.1 t o  .5 
a 1  t o  .5 
.1 t o  .5 

a 1  t o  a 5  
.1 to .5 
.1 t o  .5 

..l t o  ,5 

.1 to .5 

Thickness 

,040 
,080 
,160 

.080 

.160 

.300 

.080 

.160 
a 300 

a 080 
,160 

Number of 
Specimens 

2 
2 
2 

2 
2 
2 

2 
2 
2 

1 
1 

3 





Section 2 

TECHNICAL DISCUSSION 

2 .1  

The design of modern pressure ves se l s  f o r  aerospace app l i ca t ion  may be based 

on one of s eve ra l  design c r i t e r i a .  

s t r eng th  c r i t e r i a  such as  y i e l d  and ul t imate  s t r eng th .  However, the  use of 

higher s t r e n g t h  materials and the  r e a l i z a t i o n  t h a t  defects  due t o  ma te r i a l  

and f a b r i c a t i o n  procedure can occur has r e su l t ed  i n  g r e a t e r  emphasis on t h e  

"flawed" p rope r t i e s  such as  f r a c t u r e  toughness, fa t igue-crack propagation, 

and stress corrosion cracking. From these considerat ions emerged the  cu r ren t  

f r a c t u r e  mechanics concept. 

Many e a r l y  designs were based on bas i c  

For c e r t a i n  pressure v e s s e l  designs f a i l u r e  w i l l  occur by plane s t r a i n  

f r a c t u r e  of a surface crack and may be evaluated on the  b a s i s  of c l a s s i c  

l i n e a r  e l a s t i c  f r a c t u r e  mechanics. For t h i s  case the  i n i t i a l  f law s i z e  may 

be determined by NDI or  more gene ra l ly  by proof t e s t i n g  t o  a stress higher 

than the  operating s t r e s s .  For th inne r  thicknesses or designs using tougher 

m a t e r i a l s , f a i l u r e  may be defined a s  a surface crack pene t r a t ing  the  wa l l  

thickness,  thus r e s u l t i n g  i n  a leak-before-break design c r i t e r i a .  

I n  the  design of previous pressure ves se l s  f o r  space app l i ca t ions  such a s  

those used i n  the Apollo program, a proof t e s t  philosophy based on f r a c t u r e  

mechanics concepts was successful ly  used. However, preliminary design 

s tud ie s  f o r  fu tu re  spacec ra f t  tankage s t r u c t u r e  ind ica t e  t h a t  cryogenic f u e l  

tanks w i l l  i n  p a r t  be f ab r i ca t ed  from 2219-T87 aluminum a l l o y .  The wal ls  f o r  

t h e  tanks w i l l  vary from 0.040-in. t o  0.150-in. t h i c k  and t h e  weld lands w i l l  

be a t  least twice t h e  bas i c  w a l l  th ickness .  The design u l t ima te  f a c t o r  of 

safety f o r  t h e  tanks w i l l  be 1.5. Assuming a proof stress of 90 percent of 

t h e  yield stress, t h e  maximum proof t e s t  f a c t o r  (proof stress/l imit  stress) 

will be approximately 1.2.  
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The s e l e c t i o n  of 22194'87 aluminum nsures t h a t  rap id  f r ac tu re  w i l l  not 

occur from a surface flaw a t  operating s t r e s s  l e v e l s ,  the c r i t i c a l  s i z e  

crack f o r  rapid f r a c t u r e  now being a crack approximately three  (3) inches i n  

length.  I n  addi t ion ,  some tanks w i l l  be designed t o  withstand s ign i f i can t  

head pressures  during launch, and a 1.2 proof pressure f ac to r  covering a l l  

tank a reas  w i l l  not be possible  with simple i n t e r n a l  pressur iza t ion .  

i f  the tanks a re  i n t e g r a l  with the  primary s t ruc tu re ,  the tanks w i l l  s u s t a i n  

complicated f l i g h t  loads i n  l o c a l  a reas .  All of these f a c t o r s  make the use 

of t he  t r a d i t i o n a l  proof t e s t  philosophy l e s s  appl icable .  

F ina l ly ,  

Since proof t e s t i n g  does not  appear t o  be universa l ly  appl icable ,  an a l t e r n a t e  

ana lys i s  method i s  requi red  t o  insure the  s t r u c t u r a l  i n t e g r i t y  of fu tu re  

spacecraf t  tankage. Current research ind ica tes  t h a t  the  use of a combined 

f r a c t u r e  mechanics (FM) and nondestructive inspect ion (NDI) approach i s  

appl icable .  For t h i s  ana lys i s ,  a s t a t i s t i c a l l y  based NDI minimum detec tab le  

f l a w  s i z e  l i m i t  i s  used t o  set t he  i n i t i a l  maximum s i ze  f l a w  t h a t  could e x i s t  

i n  t h e  s t ruc tu re .  Fatigue-crack propagation behavior then i s  used t o  pred ic t  

the l i f e  of the  tank  u n t i l  crack penetrat ion of t h e  e n t i r e  thickness  <.e . ,  

u n t i l  leakage, occurs e 

Ekqerience from the Saturn V program has shown t h a t  sharp flaws i n  tankage 

s t ruc tu res  fabr ica ted  from 2219-T87 aluminum w i l l  occur, and the flaws must 

be found and repaired before they propagate t o  leak  by f a t igue  loading. The 

Saturn V had flaws found during inspection i n  both parent  and weld mater ia l ,  

the flaws i n  parent  mater ia l  evident ly  developed during forming process 

but  a g rea t e r  number of flaws occurred i n  weld metal  due to weld processing. 

One weld surface crack was  0 , b i n c h  long and 0.15 t o  0.17-inch deep, i . e . ,  

the  crack depth was  70 percent of the  0.231-inch thickness .  The Saturn V 

experience a l so  has  shown t h a t  cracks of ten  go undetected during i n i t i a l  

dye penetrant and radiographic inspect ions.  However, a f t e r  a proof pressure 

t e s t ,  t he  cracks appeared t o  be much more de tec tab le  by KDI techniques. 

Previous surface f l a w  growth data f o r  0.125-inch t h i c k  2219-T87 aluminum 

weld specimens showed t h a t  a f l a w  w i l l  growth through t h e  thickness  and l e a k  
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i n  about 400 cycles  a t  l i m i t  s t r e s s  i f  the i n i t i a l  flaw depth i s  50 percent  

of t he  thickness.  This corresponds t o  the number of p re s su r i za t ions  f o r  

about 100 f l i g h t s .  Actual  spacecraf t  tanks could not be allowed t o  have t h i s  

depth of flaw, however, because a s c a t t e r  f a c t o r  would be required f o r  t he  

design f a t i g u e  l i f e ,  I n  addi t ion,  spectrum e f f e c t s  of f l i g h t  loads would 

need t o  be accounted f o r  i f  the tanks a r e  i n t e g r a l  with the  s t r u c t u r e .  

F ina l ly ,  a p a r t i a l  explorat ion of t he  influence of temperature on the  

fat igue-crack growth problem i s  required.  Since cu r ren t  da ta  show t h a t  

fatigue-crack growth rate i n  70°F a i r  i s  s l i g h t l y  g r e a t e r  than t h a t  i n  e i t h e r  

l i q u i d  oxygen or l i q u i d  hydrogen, an ana lys i s  based on ambient a i r  data would 

be conservative,  except t h a t  a 300°F temperature may occur i n  the  tanks i n  

the  l a t t e r  p a r t  o f  a mission. 

on t h e  e f f e c t  of e levated temperature on fat igue-crack propagation behavior 

of 2219-T87 aluminum. 

Currently,  t h e r e  i s  l i t t l e  data available 

A s  a r e s u l t  of t hese  considerat ions,  t he  program reported herein was i n i t i a t e d  

t o  ob ta in  information on the following parameters a s  they influence the 

number of f a t i g u e  cycles  t o  cause leakage: 

e Thickness 

I n i t i a l  f law s i z e  and shape 

e Temperature 

S t r e s s  r a t i o  

Maximum s t r e s s  

Subsequent t o  determining the inf luence of t hese  parameters on fat igue-crack 

propagation a program t o  evaluate  current  NDI practices was developed to: 

Optimize cu r ren t  p r a c t i c e s  f o r  pene t r an t ,  X-ray, eddy current  

and u l t r a s o n i c  inspection procedures 

Obtain a n  est imate  of t he  flaw de tec t ion  l i m i t s  of each of the  

NDI procedures l i s t e d  above 
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Evaluate the  e f f e c t  of a p r i o r  proof stress cycle on the  NDI 
inspect ion c a p a b i l i t y  l i m i t s  

The program out l ined above i s  described i n  the  following sec t ions  of t h i s  

r e p o r t  e 

2.2 Fatigue Crack Propagation Analysis 

Having e s t ab l i shed  t h a t  n a t u r a l  flaws can e x i s t  i n  a s t r u c t u r e ,  t h e  r a t e  a t  
which t h e  flaw propagates by f a t i g u e  and/or sus t a ined  load f law growth i s  

one of the  major considerat ions i n  designing to prevent f r a c t u r e .  For a 

2219-T87 aluminum pressure ves se l ,  the  fa t igue-crack propagation behavior of 

an i n i t i a l  surface ( o r  embedded) f law is of major importance. Using cu r ren t  

f r a c t u r e  mechanics concepts to analyze t h i s  fa t igue-crack propagation 

behavior, two elements must be considered. The f i r s t  is  the  s t r e s s  i n t e n s i t y  

expression f o r  t he  surface flaw used i n  the  ana lys i s ,  and second i n  the  

fat igue-crack propagation model o r  expression used to p r e d i c t  t he  f a t igue -  

crack propagation behavior. These f a c t o r s  a r e  discussed i n  the  following 

sub-sections,  r e spec t ive ly .  

The ana lys i s  of surface flaws i n  terms of stress i n t e n s i t y  f a c t o r s  o r ig ina t ed  

with Irwin") and was based on the  e l a s t i c - s t r e s s  so lu t ion  of Green and 

Sneddon(2) for an  embedded e l l i p t i c a l  crack. 

was 

The r e s u l t i n g  bas i c  equation 

2 A2 2 1/4 
s i n  Cp -I- - cos $ S (n 

C K =  
$0  

where S = gross  s t r e s s  perpendicular to t h e  crack 

A = crack depth (one-half minor diameter) 

C = one-half of surface crack length (one-half major diameter) 

$ = angle  from major a x i s  to s p e c i f i c  p o i n t  on the  circumference 

C p o  = the complete e l l i p t i c  i n t e g r a l  o f  t h e  second kind, or 
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The mathematical model used i n  t h i s  development was based on a l i n e a r  

e l a s t i c  so lu t ion  f o r  a f u l l y  embedded e l l i p t i c a l  crack wi th in  a n  i d e a l l y  

e l a s t i c  ma te r i a l .  However, s t r u c t u r a l  me ta l l i c  mater ia ls  used i n  r e a l  

a i r c r a f t  hardware are not purely e l a s t i c  but  e x h i b i t  various degrees of 

d u c t i l i t y .  The adjustments t o  the  e l a s t i c  f r a c t u r e  mechanics equations a r e  

estimates of very complex e f f e c t s  of p l a s t i c i t y  and f r e e  boundary surfaces .  

For t he  surface crack t e s t  specimens, there  a r e  fou r  co r rec t ion  f a c t o r s  t o  

be considered: 

e Correction f o r  the  specimen f r e e  surface ( f r o n t  f ace )  t h a t  i s  

normal t o  the  plane of t h e  crack and i n t e r s e c t s  t he  crack along 

the  major a x i s  of i t s  s e m i - e l l i p t i c a l  shape. 

0 Correction f o r  the  ne t  s ec t ion  e f f e c t .  This co r rec t ion  accounts 

f o r  the increase i n  stress a t  the plane containing the  crack 

caused by the  reduct ion i n  cross  s e c t i o n a l  a rea .  The K values 

should be mult ipl ied by the r a t i o  of gross  area-to-net a rea .  

With l a r g e  t e s t  specimens o r  small flaws, t h i s  c o r r e c t i o n  is  

normally neglected.  

Correction f o r  the specimen f r e e  su r face ,  back face.  This 

co r rec t ion  f a c t o r  i s  necessary t o  account f o r  the  inf luence of 

t he  back f ace  f r e e  surface on the s t r a i n  and s t r e s s  state i n  the  

ma te r i a l  adjacent  t o  the  crack t i p  as the  surface crack depth 

approaches t h e  specimen thickness.  

Correction f o r  p l a s t i c  deformation a t  t h e  crack t i p .  

For th i s  study, t h e  surface f law stress i n t e n s i t y  w a s  computed i n  accordance 

with t h e  procedure c u r r e n t l y  employed by NASA/MSC for 2219-TS7 aluminum and 

described i n  Reference 3. Briefly,  two s t r e s s  i n t e n s i t y  f a c t o r s  were used 

to describe the  su r face  f l a w ,  one a t  t h e  surface of t h e  specimen (major axis), 
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OKc, and the other  a t  t h e  minor axis loca t ion ,  AKA, as shown i n  Figure 1, 

cor rec t ion  f a c t o r s  F, G, M, and Q as defined below, were included i n  the 

ana lys i s  e 

The 

F, cor rec t ion  f a c t o r  f o r  the  e f f e c t  of t h e  f r o n t  surface on 

crack growth through t h e  thickness.  

t h a t  assumed by Kobayashi and Moss(4) and is  given by 

The co r rec t ion  used was 

(3) 
2 F = 1.0 -1- 0.12 (1 - A/2C) 

G, co r r ec t ion  f a c t o r  f o r  t he  e f f e c t  of t he  f r o n t  su r f ace  on 
crack growth i n  the  width d i r ec t ion .  Estimates of t h i s  

co r rec t ion  f o r  a su r face  flaw a r e  based on the r e s u l t s  f o r  embedded 

flaws wi th  the  same minor and major axis length where it was 

found t h a t  a constant value of 1.12 was an  adequate 

approximation. 

(5) 

M, co r r ec t ion  f a c t o r  f o r  t he  e f f e c t  of t he  back surface on 

crack growth through the thickness.  Several  approximate 

empir ical  (4’69798) and experimental(g) so lu t ions  have been 

proposed f o r  t h i s  correct ion.  For t h i s  program, the  proposed 

s o l u t i o n  of Shaw and Kobayashi (lo) w a s  used. 

Q, i s  a form of Irwin’s‘’) p l a s t i c i t y  co r rec t ion  modified t o  

account f o r  d i f f e r e n t  c y c l i c  load r a t i o s  such t h a t  

2 2 (1.0 - R) AS 
S Q = @ - 0,212 

Y 

The r e s u l t i n g  equation f o r  t h e  surface flaw stress i n t e n s i t i e s  a t  the  

surface (OK ) and the  po in t  of maxirnum penet ra t ion  through the  thickness C 
(AKA) weye 

= G(AS) e “C Q 
, A >  c 
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KA = F (AS) M%?J FOR A sc 

Figure 1. S t r e s s  I n t e n s i t y  Expressions Used i n  Computation of 
Fatigue Crack Propagation Behavior using Forman's 
Equation and NASA "CRACK" Computer Program 
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, A > C  

These equations were u t i l i z e d  i n  the  data  a n a l y s i s  a s  subsequently described 

i n  the r e s u l t s  s ec t ion .  

2.2,2 Fatigue-Crack Propagation Models 

Experimental s t u d i e s  of fa t igue-crack propagation behavior a r e  usua l ly  based 

on determination of f a t i g u e  crack growth r a t e s  for a given s e t  of specimen, 

material, s t r e s s  and environmental condi t ions,  The crack growth rates for 
various combinations of conditions a r e  r e l a t e d  t o  one another by means of 

an  a n a l y t i c a l  expression based on one o f  two r e l a t ionsh ips ,  e i ther  

dA/dN = C ' o  f (A,S)  (9) 

or a l t e r n a t e l y  using f r a c t u r e  mechanics concepts, 

dA/dN = C' 0 f ( K )  

Where A = one-half crack l eng th  o r  crack depth, ( i nch )  

N = number of  cycles  

S = gross  a rea  stress ( k s i )  

K = stress i n t e n s i t y  f a c t o r  ( k s i  ,E) 

, for a given material and min/Smax A t  a given value of stress r a t i o ,  R = S 

environment combination, the c rack  growth rate can be p l o t t e d  with equa l  

success aga ins t  e i ther  K or hK, with a l l  data f a l l i n g  wi th in  a narrow 

scat terband.  

are included. 

p l o t t e d  aga ins t  4K r a t h e r  than K 

variable. 

A K  p l o t s  for various range r a t i o s ,  as shown i n  Figure 2.  

m a x  
This band widens when the  data from more than one stress r a t i o  

The breadth of t h e  band tends to be smaller when d A / a  i s  

, which i n d i c a t e s  t ha t  OK is t h e  primary 

Crack growth data i s  o f t en  presented as a series of dA/m versus 
max 

For simplicity a 
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Figure 2. Typical Presenta t ion  o f  Fatigue-Crack Propagation 
Data Based on the  S t r e s s  I n t e n s i t y  Range, LK, During 
the  Fatigue Cycle. 



s ing le  crack-growth rate curve would be des i r ab le .  Clever choice of t h e  

stress in t ens i ty - r e l a t ed  absc issa  f o r  t h e  crack growth curve can lead t o  

such a unique r e l a t ionsh ip .  

developed an equation providing a means f o r  comparing crack 
(11) 

Forman 

growth data obtained a t  d i f f e r e n t  range r a t i o s .  

i s  

The proposed r e l a t i o n s h i p  

ne 
1 - R ) K  - A K  dA/m = C' ( 

C 

where K i s  the f r a c t u r e  toughness of t he  ma te r i a l ,  while C '  and n a r e  

empir ica l  cons tan ts .  This model assumes a unique r e l a t i o n s h i p  between t h e  

f a t i g u e  crack growth r a t e  and t h e  a l t e r n a t i n g  s t r e s s  i n t e n s i t y  f o r  a given 

ma te r i a l  and environment. 

co r re l a t ing  f a t igue  c rack  growth data. 

C 

This model has been q u i t e  successfu l  i n  

Another recent  development of iIa11(12) has proposed t h a t  sur face  flaw 

growth may be represented  by 

Where C', m, n, and P a re  experimental  constants ,  S an a r b i t r a r y  s t r e s s ,  

and h a funct ion of K. The proposed equation or ig ina ted  from the  plane- 

s t r a i n  cyc les - to- f rac ture  c r i t e r i a  f o r  surface flaws similar to that  used 

i n  t h e  Apollo program. 

terms a re  s i m i l a r  i n  form to those major terms used by o ther  i nves t iga to r s  

t o  p red ic t  dA/dN, two major d i f fe rences  e x i s t .  

parameter d(A/Q)/dN where A/Q i s  t h e  "normalized flaw depth" and incorporates  

t h e  c rack  shape parameter r a t h e r  than using dA/m as many inves t iga to r s  have 

and l e t t i n g  the'shape inf luence of Q be r e f l e c t e d  only i n  t h e  s t r e s s  

i n t e n s i t y  term. 

t h e  exis tence of an assumed unique curve when K i s  p lo t t ed  versus cycles-  

t o - f a i l u r e  

0 

While t h e  (AK)", (I - K /KIC)-', and (1 + m a x  

F i r s t  H a l l  uses t h e  crack 

2 Second, the  ( S / S o )  t e r m  i s  included to account f o r  t h e  

Ii 
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The Forman and Hall equations thus d i f f e r  i n  t h e i r  bas ic  assumptions, t h e  

Forman equation assuming a unique A K  versus dA/m r e l a t i o n s h i p  and the  H a l l  

equation assuming a unique K versus cyc les - to- fa i lure  r e l a t ionsh ip .  A s  a 

r e s u l t  t hese  two equations were evaluated i n  t h e  present program, the  Forman 

equation cycle  by cycle  in t eg ra t ion  being performed using t h e  two-dimensional 

i n t e g r a t i o n  of t h e  RASA "crack" program and t h e  H a l l  equation being 

in t eg ra t ed  on a cyc le  by cycle b a s i s  assuming a one-dimensional problem wi th  

a constant  Q value.  

Ii 

2.3 The Fracture  Mechanics/Nondestructive Inspection In t e r f ace  

After  t h e  c r i t i c a l  s i z e  flaw (here  when A = B )  and f a t igue  c rack  growth 

behavior a r e  known f o r  a given environment, ma te r i a l ,  and appl ica t ion ,  

f r a c t u r e  mechanics ana lys i s  can be used to determine t h e  m a x i m u m  i n i t i a l  

f law s i z e  t h a t  can be allowed i n  t h e  s t r u c t u r e  i f  a s p e c i f i c  design l i f e  

i s  to be  obtained before  leak  occurs.  The problem now becomes one of 

e s t ab l i sh ing  a method of assuring t h a t  no f l a w s  l a rge r  than t h e  maximum 

permitted i n i t i a l  f law a r e  present  i n  the s t r u c t u r e .  When proof t e s t i n g  

i s  not  appl icable ,  nondestructive inspect ion procedures must be r e l i e d  upon 

to d e t e c t  a l l  f laws t h a t  are l a rge r  than the  m a x i m u m  i n i t i a l  s i z e  allowed 

i n  t h e  design. 

2.3.1 Nondestructive Ins Dection Methods 

Subsequent to es t ab l i sh ing  t h e  m a x i m u m  i n i t i a l  f l a w  s i z e  t h a t  can be 

permitted i n  the  s t r u c t u r e ,  it becomes necessary t o  e s t a b l i s h  a method by 

which f l a w s  l a rge r  than  t h i s  c rack  s i z e  can be screened. However, it i s  

becoming imperative tha t  not only t h e  de tec t ion  l i m i t s  of cur ren t  N D I  

methods be defined, bu t  a l s o  t h a t  t h e  s t a t i s t i c a l  r e l i a b i l i t y  of flaw 

de tec t ion  be known. 

The s i z e ,  shape, and loca t ion  o f  probable f l a w s  a r e  influenced by metal lur-  

g i c a l  f a c t o r s ,  product form, f a b r i c a t i o n  methods, and the  load h i s t o r y  of 

the  s t r u c t u r e  t h a t  may produce f a t i g u e  cracks and/or corrosion damage. 

i n  s t r u c t u r a l  components can be present  i n  t h e  r a w  shee t ,  p l a t e  or forged 

Flaws 



material or can be imparted during processing or  s e rv i ce ,  Common non- 

des t ruc t ive  techniques employed t o  r e v e a l  t hese  f l a w s  include sur face  

penetrant ,  X-ray, u l t r a son ic s ,  and eddy cur ren t .  A l l  of t hese  methods 

were examined i n  t h i s  i nves t iga t ion ,  and a r e  discussed i n  t h i s  sec t ion .  

Surface penetrants  a r e  commonly used i n  sur face  f l a w  de tec t ion .  

l i m i t  of surface f l a w  de tec t ion  from penetrant  inspect ion i n  a f r a c t u r e  

mechanics app l i ca t ion  i s  considered, it i s  immediately obvious t h a t  an 
important parameter i s  missing. This inspect ion method only de t ec t s  t h e  

length of flaw open t o  t h e  sur face ,  and gives  no ind ica t ion  of t he  shape 

or amount of f l a w  beneath the  sur face .  Therefore, t o  use f r a c t u r e  mechanics 

we must assume t h e  hidden f l a w  dimensions. 

by f a t igue  i n  t h r e e  point  bending, f o r  example, t h e  unknown dimension can 

be estimated reasonably w e l l .  However, i f  t h e  f l a w  i s  a hea t  t r e a t i n g  crack 

or a welding de fec t , t he  est imate  of sub-surface s i z e  may be very poor. It 

becomes obvious t h a t  penetrant  inspect ions can de tec t  surf ace flaws but  are 

of l imi t ed  value f o r  charac te r iz ing  f l a w  shapes. 

When t h e  

If t h e  flaw has been generated 

Another standard NDI method i s  radiographic or X-ray inspec t ion .  It i s  
poss ib le  t o  loca t e  and def ine a f l a w  by tak ing  exposures from seve ra l  

angles.  This method i s  very s e n s i t i v e  t o  experimental  technique s ince  an 

X-ray exposure taken from an inco r rec t  angle w i l l  completely m i s s  a c rack  

type f l a w .  Also, t h e  accuracy depends on t h e  v i s u a l  i n t e r p r e t a t i o n  of t h e  

film. Packman e t  a1 (13) showed X-ray t o  be t h e  least r e l i a b l e  method f o r  

de t ec t ing  0.05-0.50-in. long f l a w s .  The minimum r e l i a b l y  de t ec t ab le  f l a w  

s i z e  using X-ray techniques w a s  l a rge r  than  t h e  proposed th ickness  f o r  

2219-T87 tanks.  

de t ec t ion  small  sur face  de fec t s  and cracks i n  t h i s  ma te r i a l .  

Therefore, X-ray i s  an t i c ipa t ed  t o  be of l imi t ed  value i n  

Various researchers  have repor ted  t h e  de t ec t ion  of extremely small  f l a w s  by 

u l t r a s o n i c  techniques.  

i n  most cases the f l a w  was  b u i l t - i n  or known i n  some manner and t h e  

researcher  ad jus ted  h i s  equipment t o  d e t e c t  t h e  known f l a w s .  

These. research e f f o r t s  a r e  not i n  question; however, 

For example, 
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u l t r a s o n i c  flaw ind ica t ion  i s  p a s t i c u l a r l y  s e n s i t i v e  t o  t h e  gain s e t t i n g .  

Sa t  t l e r  (14) r epor t s  t h a t  examination with u l t r a son ic  Delta C-scan of a t es t  

block containing s e v e r a l  f l a t  bottom holes a t  d i f f e r e n t  depths required two 

gain s e t t i n g s .  A t  t h e  lower ga in  s e t t i n g  t h e  c lose r  holes  were d i s t i n c t l y  

v i s i b l e  while t h e  more d i s t a n t  ho le s  were undectable. A t  t h e  higher ga in  

s e t t i n g  t h e  more d i s t a n t  holes were de tec tab le  but  the  ind ica t ions  of t he  

c loser  holes  were q u i t e  d i s t o r t e d ,  l a rge ,  and d i f f i c u l t  t o  i n t e r p r e t .  

Packman e t  a 1  (13) a l s o  repor ted  using d i f f e r e n t  ga in  s e t t i n g s  t o  de tec t  

cracks of d i f f e r e n t  s i z e s .  

co r re l a t ion  between u l t r a son ic  inspect ion recording and inc lus ion  content 

i n  steels. They proved t h a t  u l t r a son ic s  can be used t o  s e l e c t  m a t e r i a l  

with t h e  bes t  f a t i g u e  s t r eng th  based on the  inc lus ion  content .  

C e l l i t t i  and Carter  (I5) es t ab l i shed  good 

Based on S a t t l e r ' s  and Packman's research using various ga in  s e t t i n g s ,  it 

appears t h a t  an u l t r a s o n i c  instrument tuned to record inc lus ion  content 

could not be used t o  charac te r ize  a large f l a w  or crack. Fur ther ,  it 
appears t h a t  f o r  p a r t i c u l a r  instrument s e t t i n g s  the re  i s  a range of f l a w s  

and a range of depths t h a t  w i l l  be charac te r ized  while extraneous ind ica t ions  

may be present .  The t r u e  flaw charac te r iza t ion  may be ind is t inguishable  

from extraneous ind ica t ions  unless  s eve ra l  scans a t  d i f f e r e n t  instrument 

s e t t i n g s  a r e  made. 

Ultrasonic  t e s t i n g  has been s tandardized s u f f i c i e n t l y  t o  i n su re  reproducible 

results for a given set of condi t ions by t h e  use of f ab r i ca t ed  standards 

such as those f a b r i c a t e d  for t h e  C - 5  a i r c r a f t  program and those reported by 

P l e s s ,  Weil, and L e w i s  for NASA use (16). A s  y e t ,  however, t he  s ta te -of - the-  

a r t  has not  progressed to a un ive r sa l  s e t  of standards f o r  u l t r a son ic s ,  

t he re fo re  many laboratory- to- laboratory d i f f e rences  i n  techniques e x i s t .  

Although Kraut kr ame r (I7) discusses  a method f o r  charac te r iz ing  a flaw using 

u l t r a s o n i c s ,  most NDI e f f o r t s  a r e  concerned wi th  f ind ing ,  not charac te r iz ing  

a f l a w .  This i s  p a r t i a l l y  due t o  t h e  previous l ack  of necess i ty  f o r  

quan t i t a t ive  f law cha rac t e r i za t ion  and p a r t i a l l y  due t o  t h e  high cos t  ( i n  

time) t o  obtain adequate data .  



The use of eddy cu r ren t  techniques may prove t o  be one of t h e  most u s e f u l  

fo r  inspect ion of cryogenic tankage but has not  been extensively evaluated 

a t  t h e  present  t i m e .  

2 e 3.2 Factors t h a t  Inf  h e n c e  Flaw Detection 

In add i t ion  t o  equipment and operating/operator var iab les  , many ex te rna l  

f a c t o r s  inf luence t h e  d e t e c t a b i l i t y  of defec ts  by NDI methods. 

va r i ab le s  are f l a w  c h a r a c t e r i s t i c s ,  h i s to ry ,  < .e . ,  t h e  separa t ion  of t h e  

crack sur face  due t o  p r io r  or curren t  loading, and surface condi t ions.  The 

inf luence of each of these  va r i ab le s  i s  discussed below. 

Three main 

Corbley e t  a 1 ( l 8 ) ,  showed t h a t  u l t r a son ic  HDI response w a s  p ropor t iona l  to 

t h e  s t r e s s  i n  a p a r t  containing a flaw. Sat t ler  (14) a l s o  pointed out t h a t  

NDI was  enhanced when flaws were opened by t h e  appl ica t ion  o f  a s t r e s s .  

Packman (19) showed a c t u a l  measurements of a i r  gap required t o  obtain an N D I  

i nd ica t ion  of a crack.  Therefore, i f  a crack i s  formed i n  f a t i g u e  and c loses  

upon r e l e a s e  of load,  it w i l l  be harder t o  d e t e c t  than an open crack or void. 

A t  t h e  present s t a t e -o f - the -a r t ,  it i s  d i f f i c u l t  t o  be s p e c i f i c  as t o  t h e  

amount of crack opening; but  t h e  general  concept of an open versus a t i g h t l y  

closed crack can be v isua l ized .  For t h i s  reason,  surface f a t i g u e  cracks a r e  

assumed t o  be r ep resen ta t ive  of t h e  worst f l a w  condi t ion l i k e l y  t o  occur i n  

non-welded s t r u c t u r e .  On t h e  o ther  hand, t h e  e f f e c t  of  a p r i o r  proof load 

and a high f a t i g u e  stress would produce a p l a s t i c  zone at t h e  crack t i p .  

Upon r e l ease  of t h e  load, t h e  r e s i d u a l  p l a s t i c  zone would tend  t o  resist  

the  complete c losure  of t h e  crack. This i n  t u r n  would r e s u l t  i n  an increase  

i n  t h e  crack sur face  separa t ion  dis tance and t h e  crack could be more e a s i l y  

de tec ted .  A measure o f  t h e  expected crack t i gh tness  and consequently t h e  

N D I  response would be the  appl ied stress i n t e n s i t y  t o  yield s t r e s s  r a t i o ,  

although t h i s  measure can only be q u a l i t a t i v e  wi th  present  knowledge. 

Processing of p a r t s  i s  a d i s t i n c t  va r i ab le  t h a t  can only be accounted f o r  i n  

a q u a l i t a t i v e  manner. 

sur face  crack de tec t ion .  A smooth f i n i s h  i s  an asset t o  a l l  N D I  methods as 

For example, sur face  f i n i s h  i s  very c r i t i c a l  i n  
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long as t h e  ma te r i a l  i s  not s o f t  enough to flow over the  crack during t h e  

sur face  f in i sh ing  process.  The s e n s i t i v i t y  of u l t r a son ic s  f o r  de tec t ing  an 

i n t e r n a l  f l a w  i s  e spec ia l ly  enhanced by a smooth f i n i s h .  P l a t ing  can a l s o  

be a s i g n i f i c a n t  f a c t o r .  The p l a t ing  ma te r i a l  can cover an e x i s t i n g  c rack  

or a f a t i g u e  crack could e x i s t  under a s o f t  p l a t ing  ma te r i a l  without 

cracking through t h e  p l a t ing .  The e f f e c t  of sur face  f i n i s h  i s  one va r i ab le  

not examined i n  t h i s  cur ren t  program but i s  being examined on o ther  NASA 

funded research programs. 

A previous AFML cont rac t  (13) inves t iga ted  the  accuracy of de tec t ion  of 

sur face  f l a w s  i n  aluminum and s t e e l  cy l inders .  Typical r e s u l t s  f o r  aluminum 

are presented i n  Figure 3. 
Table 3. 

S i m i l a r  work by S a t t l e r  (I4) i s  presented i n  

Using d e l t a  conf igura t ion  u l t r a son ic s ,  Automation Indus t r i e s ,  Inc.  (20 1 
inspected seve ra l  types of f l a w s  i n  weldments and compared t h e  d e l t a  

configurat ion to 60 degree angle beam u l t r a son ic s  and X-ray inspect ion.  

These d a t a  are  summarized in  Table 4. The ma te r i a l  was 2014 and 2219 

aluminum sheet  0.063 t o  1 inch t h i c k ;  lack of fus ion  was from 0.010 t o  

0.130 inch long, l ack  of pene t ra t ion  was 0.070 inch  wide and cracks were 

up to 0.250 inch long ( i n t e r g r a n u l a r ) .  

cracks,  and micro f i s s u r i n g  a l l  were detected by t h e  d e l t a  configurat ion;  

however, t h e  four  t e s t s  i d e n t i f i e d  do not represent  a complete s t a t i s t i c a l  

sampling. In addi t ion ,  t he re  i s  a discrepancy between t h e  number of f l a w s  

detected and t h e  co r re l a t ion  wi th  des t ruc t ive  t e s t s ,  probably due to 
di f fe rences  i n  f l a w s  thought t o  be present and those v e r i f i e d  by des t ruc t ive  

t e s t  e 

These da t a  show t h a t  la rge  poros i ty ,  

The inf luence of t hese  va r i ab le s  (excluding sur face  f i n i s h )  a r e  examined i n  

the  program repor ted  here in .  The standaxd reference blocks se lec ted  for use 

were f a t i g u e  cracks of known dimension i n  2219-T87 aluminum. 

t h e  s tudy are  presented i n  subsequent s ec t ions .  

De ta i l s  of 
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Figure 3. Comparison of NDI Inspection Methods for Aluminum Cylinders (1-3) 

20 



TABLE 3 

FLAW DETECTmILITY LIMITS") I N  0.020-1.0-INCH THICK 
ALUMINUM AND TITANIUM PLATE, XEFERENCE 14 

Ultrasonic  

Penetrant 

Delta Ultrasonics  

De Ita Ultrasonics 

Notes : (1) Determined by s t a t i s t i c a l  method based on ex t rapola ted  f l a w  

length measured versus a c t u a l  length.  

and a l l  specimens contained f l a w s ,  

NC designates  no c o r r e l a t i o n  of data; therefore ,  no s t a t i s t i c a l  

evaluat ion w a s  possible ,  

ND designates  no flaws detected by t h i s  method, 

This number was negative,  an i l l o g i c a l  r e s u l t .  

Flaw l o c a t i o n  was known 

( 2 )  

( 3 )  

(4) 
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TABm 4 

QUANTITATIVE NDI PERFORMED BY AUTOMATION INDU$TRIES 

Detection of Flaws i n  Se lec t ive  Area of Weld 

Flaw 
Occurrence 

Types of i n  5 f t  of 

';ir 

Flaws Found Weld 

Lack of 
Penet ra t ion  

Lack of 
Fusion. 

Poros i ty  
>0,010 in .  

14 

36 

4 

Poros i ty  
<0,010 in .  6 

l 4  Cracks 

Microf i s  sur ing 4 

Delta Wheel 

No. % 

12 86 

34 94 

4 100 

4 67 

4 100 

4 100 

60' Angle Beam 

No a % 

7 50 

16 45 

4 100 

1 17 

3 75 

0 0 

Comparison of N D I  with Destruct ive Evaluation 

- Flaw Types 

Lack of Penetrat ion 

Lack of Fusion 

Poros i ty  >0.010 in .  

Po ros i ty  < 0,010 in .  

Cracks 

M i s  c r  of i s  sur ing 

Delta Inspec t ion  
Corre la t ion  with 
Destruct ive Tests 

73% 
98% 
92% 

4% 
9% 
10% 

;Oo Angle Beam 
:o r re l a t ion  with 
Iestruct ive Tests 

5% 
45% 

lW0 

17% 
75% 
% 

X-Ray 

No. % 

5 36 

31 91 

4 100 

4 67 

2 50 

0 0 

iadiography 
:orpelat  ion wi th  
lestmctive Tests 

37% 
84% 
83% 
37% 
6% 
14% 
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Sect ion 3 

MATERIALS 

3.1 Parent 2219-T87 Aluminum Alloy 

Parent ma te r i a l  f o r  t h i s  study was supplied t o  Lockheed by NASA/MSC i n  t h e  

form of 0.125, 0.250, and 0.500 inch th i ck  p l a t e s  of 2219-T87 aluminum. 

ma te r i a l  then was chemically mil led by A n a d i t e ,  Inc. t o  t he  des i r ed  t e s t i n g  

thickness (v iz . ,  0.040, 0.080, 0.160, 0.30 inch) .  

operation, metallographic sec t ions  were made and t h e  ma te r i a l  examined t o  

d e t e c t  any unusual chem mi l l i ng  effects .  

show no unusual e f f e c t s .  Thickness va r i a t ions  were determined f o r  s i x  

pieces  of 0.250-inch t h i c k  ma te r i a l  chem mi l led  t o  0.157-inch nominal 

thickness .  

inch. Typical room temperature t e n s i l e  p rope r t i e s  of the chem milled 

ma te r i a l ,  presented i n  Table 5,  were representat ive of normal parent material. 

A l l  NDI panels were made 0.020-inch t h i c k e r  t han  t h e  t e s t  thickness .  

The 

Following t h e  chem mi l l i ng  

Typical  r e s u l t s ,  shown i n  Figure 4, 

For  a l l  six specimens t h e  thickness was found t o  be 0.157 - 4-0.002 

3.2 Welded 2219-T87 Aluminum Alloy 

Subsequent t o  chem mi l l i ng  the  supplied shee ts  t o  the  desired specimen 

thickness ,  the shee t s  were sheared t o  the des i r ed  specimen blank s i z e ,  t h e  

j o i n t  chemically cleaned and scraped and mechanized gas tuns t en  a r c  welding 

(GTAW) employed wi th  2319 aluminum f i l l e r  w i r e  t o  make the  welds necessary 

f o r  the  f a b r i c a t i o n  of the cross  weld and long i tud ina l  weld specimens. 

The welding parameters agreed t o  by NASA and Lockheed personnel f o r  the  

0.080, 0.160, 0.300 inch t h i c k  (cycles-to-leak specimens) and 0.100, 0.180, 

and 0.320 inch t h i c k  (NDI panels) welds a r e  given i n  Table 6. 
weld c r o s s  sec t ion  i s  shown i n  Figure 5. 

A t y p i c a l  

Tensile t e s t s  were conducted according t o  ASTM Standard E-8 on r ep resen ta t ive  

welded specimens with the  weld bead machined off f l u s h  t o  the  specimen sur face .  

The t e n s i l e  t e s t  r e s u l t s  a t  room temperature and a t  300°F were found t o  be 

r ep resen ta t ive  of welded 2219 aluminum and a r e  presented i n  Table 7. 
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TABLE 5 . ROOM TEMPERATURE TENSILE RESULTS FOR 
PARENT 2219-~87 ALWW ALWY 
MATERIAL FOLLOWING CHESVI MILLING To 
WICKNESS FROM o ,12 5 - m ~  THICK SHEET 

Ultimate 0.2$ Yield 
Specimen Thic-hess  S t r en  t h  S t r en  t h  $ Elongation 
Number B, inch Stu, Bs i sY, Bsi i n  2 inches 

B -1-1 0 .Ob3 67 .I 54,2 9.5 
B-1-2 0 .Ob3 66.5 53 05 9 
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M176 5x 

Figure 5 .  Typical Mncrograph of 0.080-inch Thick 
Welded 2219-T87 Aluminum. Etched. 



Specimen Temperature, 
BUEiber T, OF 

l. RT 
3 
4 

1 300 
2 

3 

U L t i m a t e  
Thickness Strength 

B, i n c h  Stu, k s i  

o ,080 36 .O 
0 .080 36 .O 
o .080 36.0 

Average 36.0 

0,080 34.2 

e. 

0.080 33.5 
0.080 34 , l  

Average 33.7 

0,2$ YLeld 
Strength 
sy, frsi  

25*7 
24,7 
25 .o 
25.1 

21.9 
21.8 
23 ,O 

22 #2 

$ Elongation 
in 2 inches 

* 
Not recorded 
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Section 4 

PHASE I TEST PROCEDURES 

I n  t h i s  s ec t ion  of t he  r epor t ,  the  d e t a i l e d  t e s t  procedures used i n  the  

Phase I tes ts  a r e  presented. Included a r e  specimen preparat ion,  cycles-to- 

lenk t e s t  procedures and fat igue-crack growth r a t e  (ah/dN) , t es t  procedures. 

4 .1  Specimen Preparat ion 

Due t o  a l i m i t a t i o n  o f  t he  amount of ma te r i a l  ava i l ab le ,  it was necessary t o  

use minimum poss ib l e  s i z e  specimens. Using t h e  c r i t e r i a  t h a t  the  specimen 

width should be g r e a t e r  than t h r e e  times the  maximum surface crack length a t  

breakthrough and the  specimen l eng th  should be th ree  times t h e  specimen 

width, the  specimen configurat ions shown i n  Figure 6 were adapted f o r  t h e  

various thicknesses.  The specimens f o r  t h i s  study were o r i en ted  with the  

crack t ransverse to the  r o l l i n g  d i r ec t ion .  

Three ’cypes of specimens were used i n  t h i s  program; paren’c mater ia l ,  welded 

specimens with the  weld perpendicular t o  the appl ied load ( h e r e a f t e r  

r e f e r r e d  to a s  c ros s  weld), and welded specimens with the  weld p a r a l l e l  t o  

t he  load ( h e r e a f t e r  r e f e r r e d  to as  a l ong i tud ina l  weld). 

m a t e r i a l  tes ts ,  t he  f law was l m a t e d  a t  the specimen center .  For the 

long i tud ina l  welds two flaw loca t ions  were examined; one a t  t he  weld cen te r -  

l i n e  and one a t  t h e  weld fusion l i n e .  For the  c ros s  weld specimens, a 

s e r i e s  of preliminary t e s t s  were conducted to determine the  most c r i t i c a l  

f law loca t ion  i n  t he  weld. The r e s u l t s ,  shown i n  Figure 7, indicated t h a t  

t he  weld center was more c r i t i c a l  from a fat igue-crack propagation standpoint 

than the  fusion l i n e .  A s  a r e s u l t ,  t he  flaws were located a t  t he  weld 

c e n t e r l i n e  i n  t h e  c ros s  weld specimens f o r  cycles-to-leak tes ts .  

For the  pa ren t  
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The i n i t i a l  flaws were produced i n  each specimen by low s t r e s s  f a t i g u e  

cycl ing from an appropriately- located EDM slot, Three flaw configurat ions 

were examined i n  t h i s  program; A/2C = O,5, 0.3, and 0.15.. 

precracking sequence f o r  each f law configurat ion i s  given below. 

The f a t i g u e  

Tension-tension f a t igue ,  R = 0,1, K < subsequent max 
of the fat igue-crack propagation t e s t ;  crack 

max 
propagated from an EDM s l o t  with (A/2C)mM = 0.5. 

Tension-tension f a t igue ,  R = 0.1, K < subsequent rnax 
i n i t i a l  K of the  fatigue-crack propagation test;  crack 

propagated from a rectangular  EDM, (A/2C) 
max 

= O,25. 
EDM 

Cantilever bending f a t i g u e  (except f o r  0.040 inch 

t h i c k  pa ren t  ma te r i a l  where four po in t  bending was used) ,  R = 0.1 

with the  maximum bending s t ress  on the  surface equal t o  0.5 y i e l d  

f o r  the pa ren t  ma te r i a l  and 0,6 y i e l d  f o r  t he  welded mater ia l .  

Cracks were propagated from EDM s l o t s  wi th  (A/2C) M 0.2.  EDM 

The crack lengths were measured during precracking with a 30X microscope 

at tached t o  a 0.001 inch d iv i s ion  d i a l  gage mounted on an o p t i c s  bench a s  

shown i n  Figure 8. 
prel iminary specimens precracked by the same procedures from the  same 

i n i t i a l  f law and then f r ac tu red  ’GO determine the  r e l a t i o n s h i p  between the  

crack depth and surface crack length.  

The t a r g e t  crack depths were estimated based on 

4*2 Cycles-to-Leak Test Procedures 

All cycles-to-leak t e s t s  were conducted i n  a 100 k ip  capaci ty  MTS e l e c t r o -  

hydraul ic  t e s t i n g  machine, I n  the  i n i t i a l  program the t e s t  frequency was 

one-half Hz u n t i l  l e a k  o r  5000 cycles  had occurred. However, e a r l y  i n  

t h e  program i t  was found t h a t  many of the flaw/load condi t ions i n i t i a l l y  

s p e c i f i e d  d i d  not r e s u l t  i n  a ‘ l e a k  condition i n  5000 cycles .  

tes ts  were conducted t o  determine the e f f e c t  of t e s t  frequency on f a t igue -  

crack propagation, The r e s u l t s  t h a t  a r e  shown i n  Figure 9 showed no e f f e c t  

of increasing the  t e s t  frequency from 1/2 Hz (30 cpm) t o  4 Hz (240 cpm), 

Subsequently, 
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Figure 8. Typical Precraeking Crack Measuring Equipment 
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MATERIAL 2219-T87 
SPECIMEN #G, H 
THICKNESS 0.160” 

= 28 KSI 
Smax 
R = 0.05 
0 30CPM 
El 240CPM 

0 

El 

0 

.01 .1 .2 
SURFACE CRACK LENGTH, 2C, INCH 

Figure 9. E f f e c t  of Frequency on the  Fatigue Crack Propagation 
Behavior on 2219-T87 Aluminum Tested i n  Laboratory A i r  

34 



These r e s u l t s  were confirmed by NASA/MSC(21). 

conducted a t  3 Hz u n t i l  l eak  or  20,000 cycles  occurred. 

A l l  subsequent tes ts  were 

4.2.1 Crack Marking Procedure 

Preliminary t e s t s  revealed t h a t  the  i n i t i a l  f a t i g u e  crack f r o n t  could not 

be r e l i a b l y  defined on a pos t  t e s t  f ractographic  examination, even using 

polar ized  l i g h t  methods. 

such a s  used by NASA/MSC personnel to s t a i n  the  i n i t i a l  crack loca t ion  was 

considered. Figure 10 shows the  r e s u l t s  when fat igue-crack propagation 

A s  a r e s u l t  t h e  use of a 10 percent  NaOH so lu t ion  

t e s t i n g  was in t e r rup ted ,  a 10 percent  NaOH s o l u t i o n  appl ied t o  t he  crack 

t i p  f o r  30 seconds wi th  the specimen under the  mean precracking load, t h e  

specimen removed and vacuum baked a t  200°F f o r  30 minutes, and the  f a t i g u e  

crack propagation t e s t  resumed. A s  shown i n  Figure 10, no e f f e c t  of t he  

NaOH mnrking procedure was noted on the  subsequent fa t igue-crack propagation 

r a t e .  This confirmed the  NASA/MSC results(21) ; t h i s  marking procedure 

subsequently Was 

program. 

used f o r  the  cycles-to-leak and dA/dN t e s t i n g  i n  t h i s  

4.2.2 Room Temperature Test Procedure 

Af t e r  t h e  i n i t i a l  crack f ron t  had been marked and the  specimen vacuum baked, 

i t  was placed i n  a 100 k i p  MTS electro-hydraul ic  t e s t  machine f o r  t e s t i n g .  

The occurrence o f  crack breakthrough was determined by use of the  system 

shown schematically i n  Figure 11. A chamber containing d i s t i l l e d  water 

was at tached to t he  back surface of the  specimen and pressurized to 20 p s i  

gauge with N 

c l o t h  was placed over t he  cen te r  of the  crack on the  opposite sur face .  

When crack breakthrough occurred and water was forced through the  crack by 

the 20 p s i g  pressure,  t he  gauze absorbed the  water and shorted the  low 

p o t e n t i a l  voltage between the  two s i d e s  of t h e  g r i d .  When t h e  g r i d  was 

shorted,  a c i r c u i t  switch stopped t h e  t e s t .  The t y p i c a l  t es t  set-up i s  

shown i n  Figure 12. Use of t h i s  system showed it to be very r e l i a b l e  and 

accurate.  An attempt a l s o  was made to d e t e c t  crack breakthrough on the  back 

gas. An e l e c t r i c a l  g r i d  covered by an absorbent (gauze) 2 
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"I" zt; 1 
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MATERIAL: 2219-T87 
THICK NESS: 0.083" 
MAXIMUM STRESS - 28 ksi 
R = 0.1, FREQUENCY 20 cps 

SPECIMEN # SYMBOL 
A-1-B-17 = 0 
A-1-B-28 = 0 
A-1-B-I1 = a 
10% NaOH = 0 
& BAKED 

.01 .05 - 1  .2 .3 

SURFACE CRACK LENGTH, 2C, INCH 

Figure 10. Effect of NaOH Crack Marking Procedure on Crack Growth Rate 
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a.  Pressure Chamber (20 ps ig )  on Back of Specimen 

b. E l e c t r i c a l  Grid on Front of Specimen 

Figure 12. Leak Detection System i n  Use on Specimen 
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surface o p t i c a l l y .  However, the  observance of t h e  crack a t  breakthrough 

was gene ra l ly  not possible  even a t  3 0 X  under maximum f a t i g u e  loads.  

Following the  occurrence of l e a k  o r  20,000 cyc le s ,  t he  specimens were 

f r ac tu red  and the  i n i t i a l  and f i n a l  crack lengths  measured with a tool- 
maker ' s  microscope - 
4.2.3 300°F Test  Procedure 

All t e s t  procedures f o r  the  300°F tes ts  were the  same a s  f o r  t he  room 

temperature t e s t s  wi th  the  exception of t he  method of l e a k  de tec t ion .  For 

the  300°F t e s t s ,  t h e  20 p s i g  chamber was used containing only N gas.  The 

e l e c t r i c a l  g r i d  was replaced with a low volume pressure sensor a t tached over 

the  crack. The equipment was set  to shut  down i f  the pressure increased 

0.5 p s i g  on the  su r face  flaw s i d e  of t he  specimen. Test r e s u l t s  showed t h i s  

system t o  accurately d e t e c t  l eak ,  

2 

The specimen and l e a k  detector  were enclosed i n  an in su la t ed  box with a 

hot  a i r  blower at tached.  Temperature was con t ro l l ed  to - +5"F by use of a 

thermocouple a t t ached  to the specimen and a Foxboro c o n t r o l l e r .  Each 

specimen was brought t o  300°F and held f o r  f i v e  minutes to s t a b i l i z e  the  

temperature before tes t ing . 

4.3 Fatigue-Crack Propagation Rate Tests 

All fa t igue-crack propagation r a t e  t e s t s  were conducted i n  l abora to ry  a i r  

i n  a 100 k i p  MTS electro-hydraul ic  t e s t  machine a t  a s t r e s s  ratio of 

O,O5. Each specimen was f a t i g u e  cycled a t  t he  t e s t  teniperature a s u f f i c i e n t  

number of cycles  to produce approximately 0.050 inch of crack growth. The 

specimens were then s t a t i c a l l y  f ractured and the  i n i t i a l  and f i n a l  c rack  

dimensions measured on a toolmaker's microscope. 

propagation r a t e  then was determined. 

The average crack 
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Section 5 

I 

PHASE I1 N D I  TEST PROCEDURE 

The N D I  t e s t  program was conducted according t o  the  flow c h a r t  shown i n  

Figure 13. The d e t a i l e d  procedure f o r  each element of the  program i s  

presented i n  the  following sect ions.  

5 . 1  Specimen Preparation 

Two types of specimens were used i n  t h i s  phase of the program. The f i r s t  

specimens were reference specimens containing cracks of a known s i z e .  

These specimens were used t o  optimize and c a l i b r a t e  the  NDI t e s t  

procedures. However due t o  the  l a r g e  number of va r i ab le s  represented i n  

the 'chree thicknesses and four  specimen configurat ions (pa ren t ,  r i s e r ,  cross  

weld, and long i tud ina l  weld) with only one or  two unknown specimens p e r  

condition, the number of reference specimens r e s t r i c t e d  t h e  v a r i e t y  of 

known flaw conditions.  The reference specimens se l ec t ed  with NASA/MSC 

personnel  approval a r e  shown i n  Table 8. 

The cracks i n  both t h e  reference and unknown specimens were produced by 

f a t i g u e  cycling t o  propagate a f a t igue  crack from various s i zed  EDM slots 

(always l e s s  than 0.020 inch deep) i n  specimens t h a t  were 0.020 inch 

th i cke r  than the  required specimen. The surface of the specimen containing 

the  EDM/crack then was machined off t o  remove the  EDM flaw, leaving only the  

f a t i g u e  crack. The specimens then were cleaned and given a l i g h t  a l k a l i n e  

e t c h  t o  remove any smeared metal  due to t he  machining operat ion.  The f i n a l  

specimen configurat ions f o r  t h e  reference and unknown Specimens a r e  shown 

i n  Figures 14 and 15 ,  r e spec t ive ly .  
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Thickness, 
Specimen B, inch 

s p  3 0.036 

c-1-1 0.142 

sw-1 0 * 077 
sw-1 0.076 

sw-10 0.300 

sw- 11 0.300 

T A B U  8. N D I  RF,FERENCE SPEClMENS 

Surface 
Condition RMS 

Parent 50 

Parent 60 

Cross Weld 50 

Cross Weld 55 
Cross Weld 60 
Cross Weld - 

Surf ace 
Crack Crack 
Depth Length 

A ,  inch 2 C ,  inch 

a - 0.021 0.123 
b - 0.024 0.074 

a - 0.047 0,124 
b - 0.052 0.249 

0.030 0.154 

0.028 0 129 

0.030 0 157 
Fa i l ed  during precrncking 
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Figure 14 a Fatigue Cracked N D I  Reference Specimen Configurations 
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.080''0R a 1510'' 

t 100" 

FATIGUE CRACKS 1 
RANDOMLY SPACED 
WITH DIFFERENT 
LENGTHS AND DEPTHS 

18" 

Figure 15 (Cont 'd)  e Flaw Detection Specimen Configuration 
for  S t i f fened  Panels 
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5.2 

The four  current  s t a t e -o f - the -a r t  NDI procedures included i n  t h i s  program 

were radiography, penetrant ,  u l t r a son ic ,  and eddy cur ren t .  The reference 

specimens were suppl ied t o  each of t h ree  inspec t ing  l abora to r i e s ,  Lockheed, 

Magnaflux, and NASA/MXC, f o r  use i n  optimizing t h e  c a l i b r a t i o n  and set-up 

of each of the NDI procedures t o  be used. The f i n a l  procedure selected 

by each of the th ree  l a b o r a t o r i e s  i s  l i s t e d  by method i n  t h e  following 

sec t ions ,  Only t h e  r e s u l t s  of t h e  optimization a r e  presented f o r  Magnaflux 

and NASA/MSC since d e t a i l e d  w r i t t e n  r epor t s  were not required.  

Optimization of NDI Inspect ion Procedures 

5.2.1 Radiographic Inspect ion Procedures 

Lockheed 

X-ray techniques were explored wherein a v a r i e t y  of X-ray tubes,  film type 

and processing methods were u t i l i z e d .  X-ray tubes  u t i l i z e d  i n  t h i s  e f f o r t  

were: 50 KV Picker,  100 KV Picker Ranger, 100 KV Picker Hot Shot and a 

200 KV Andrex with f i l m  f o c a l  dis tances  of from30 t o  60 inches a t  various 

MA's. Kodak M, AA, Single Coat R f i lm,  a s  w e l l  a s  Gevaert film types D-4 
and D-7, were used. Hand processing and automatic processing by Kodak 

X-0-Mat film processor were a l s o  evaluated. 

This preliminary explorat ion disclosed t h a t  the  most favorable radiographic 

r e s u l t s  would be obtained by u t i l i z i n g  the 100 KV Hot Shot tube using Kodak 

Single  Coat R f i l m  w i t h  automatic f i lm  processing. The following procedure 
was used: 

1. Specimens were placed with the  crack-containing surface adjacent to 

t he  f i lm.  

2 .  The f i l m  f o c a l  dis tance (FFD) chosen f o r  optimum r e s o l u t i o n  was 60 
inches . 

3. Film c a s s e t t e s  were u t i l i z e d  with the a n t i c i p a t i o n  of production 

appl icat ions.  
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TABLF: 9. MAGNAFLUX RADIOGRAPHIC SETTINGS 

? la te* 

1 

3 
4 
10 

11 

14 
15 
16 
17 
18 
19 
20 

23 
68 

Kilovolts 

60 
95 
95 
85 
85 
80 
80 
85 
85 
85 
85 
85 
80 
85 

Double Load 
DuPont NDT 45 Film 

A 80 
B 60 
C 80 
D 85 
E 85 
F 85 

Milliamps 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

T i m e ,  
Sec . 
120 

110 

110 

210 

180 

120 

120 
180 
180 
270 

270 

270 
120 

270 

90 
120 

90 
270 

90 
180 

c__ 

Kodak M Film 

Kilovolts 

55 
70 
70 

70 
70 

55 
55 
70 
70 

65 
65 
65 
55 
65 
55 
55 
55 
65 
55 
70 

M i l l  iamps 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

Time, 
Sec . 
70 
120 

120 

120 

120 

100 

100 

120 

120 

270 

270 
270 
100 

270 

90 
70 
90 
270 

70 
120 

- 

~ 

See Appendix I 
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4. Radiographic inspect ion proved very poor i n  t h e  detect ion of t he  

cracks i n  the submitted reference specimens. The l a r g e r  crack i n  

the  0.076-inch t h i c k  specimen was the only d e f e c t  detected by the 

use o f  X-ray, 

Magna f lux 
A Wil l ich Eng. 150 KV tube with a 1 .5  M.M. f o c a l  spo t  was used with a 42 

inch specimen f o c a l  d i s t ance  (SFD). 

Double Load Dupont NDT 45 and Kodak Ready Pac M film. 

exposures f o r  each specimen is l i s t e d  i n  Table 9. 

Two shots  were taken per  specimen using 

The d e t a i l s  of t he  

XASA/MSC 

A Xorelco PG 140 KUP X-ray machine was used a t  a tube current  of 4 ma and 

a source t o  f i lm  d i s t ance  of 34 inches. Hand processed Kodak Ready Pac M 

f i l m  wi th  a dens i ty  of 2.5-2.7 was used. The vol tages  and exposure times 

a r e  given i n  Table 10. 

TABLE 10 

NASA/MSC RADIOGRAPHIC PROCEDURE 

Specimen 
Thickness Exposure Time, 

Kilovol t  age 

0 e 040 65 180 
0.080 70 180 
0.150 70 240 

0.300 80 300 

One exposure was taken on cross  weld specimens with beam alignment on 

t ransverse c e n t e r l i n e ,  while two exposures were taken of all other  specimens 

with beam alignment two inches from the  specimen's t ransverse cen te r l ine .  
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5.2,2 Pene-trant Inspect ion Procedure 

A high s e n s i t i v i t y  water wash f luorescent  pene t ran t  (Uresco P-133) wi th  dry 

powder which meets MIL-1-25135 Group VI s e n s i t i v i t y  l e v e l  was used with t h e  

following procedure; 

1. 

2. 

3. 

4. 

5. 

Specimens were preheated t o  150°F by being placed i n  the  d rye r  f o r  

twenty minutes, then dipped i n  the  penetrant  tank a s su r ing  complete 

immersion. The penetrant  dwell  time was t e n  minutes. 

A t  t h e  end of t he  dwell  time, t h e  specimens were water washed t o  remove 

surface penetrant  using a Tricon Nozzle on the  water l i n e .  The 

specimens were d r i e d  i n  the  dryer  a t  150°F, then developed f o r  f i v e  

minutes. 

Inspect ion was accomplished i n  a conventional black l i g h t  i l luminated 

booth. 

A l l  of the  reference crack d e f e c t s  were de t ec t ed  and t h e i r  r e spec t ive  

lengths  noted. 

Since crack l o c a t i o n  and s i z e  co r re l a t ed  favorably wi th  the  data  

supplied,  no f u r t h e r  penetrant  work was done. 

Pre-Penetrant Cleaning - Standard vapor degrease with t r i ch lo re thy lene  

Penetrant  Application - Dipped i n  ZL2A penetrant ,  30 minutes dwe l l  time 

Emulsification - Dipped i n  ZE4A f o r  1 minute 

Development - Dryed, appl ied ZP4A d ry  powder developer f o r  1-5 minutes 

Pre-Penetrant Cleaning - 15 minutes hot vapor degrease wi th  t r i ch lo re thy lene ;  

5 minutes immersion i n  acetone' 

Penetrant  Application - Uresco P-301 high s e n s i t i v i t y  v i s i b l e  red dye brush 

applied; pene t ra t ion  time 30 minutes 



Emulsificztion - Two minutes immersion i n  E-142 spray scrubber d i l u t e d  

two p a r t s  water t o  one p a r t  spray scrubber 

Wash and Dry Cycle - Water spray r i n s e  approximately 10-15 seconds; warm 

a i r  dry minimum 15  h n u t e s  

Development - Apply Unesco D-499C spray developer; minimum of 30 minutes 

development before i n t e r p r e t a t i o n  

Post Penetrant Cleaning - Water r i n s e ;  dry; 30 minutes immersion i n  

acetone 

5.2.3 Ultrasonic Inspect ion Procedure 

Lockheed 

Optimization of techniques for the  de t ec t ion  of t he  d e f e c t s  i n  the  specimens 

included an evaluat ion of the following ope ra t iona l  var iables:  

1. Choice of t e s t  mode, i . e . ,  contact :  surface/shear wave; immersed: shear  

and various d e l t a  a r r a y  

2. Transducer frequency and s i z e  (range u t i l i z e d  2.25 M H Z  through 15 M H Z ,  

both f l a t  and focused) 

3 .  

4. 

U s e  of col l imator  and col l imator  s i z e  (immersed) 

O p t i m u m  incident  angle (appl icable  to some b u t  not a l l  of the  above- 

l i s t e d  t e s t  modes) 

5. Specimen configurat ion ( i . e . ,  surface condi t ion,  thickness ,  homogeneity), 

while not a manipulatable t e s t  va r i ab le ,  has a very decided e f f e c t  on the  

a b i l i t y  to d e t e c t  a flaw of s p e c i f i c  s i z e  and o r i e n t a t i o n  

While the  evaluat ion included a l in i i ted  amount of contact u l t r a son ic s ,  t h i s  

method w a s  discarded i n  favor of the  immersed method due to t h e  i n a b i l i t y  to 

automatical ly  record  t h e  u l t r a s o n i c  r e s u l t s  obtained by t h e  contact  method. 

An automated system w a s  used to give a permanent two-dimensional C-scan 

record.  



Due t o  inherent d i f f e rences  between the pa ren t  ma te r i a l  specimens and the  

welded specimens, e f f o r t s  were made t o  optimize techniques f o r  each of t hese  

two specimen ty-pes. 

categorizat ion.  

The r e s u l t s  a r e  reported on the  b a s i s  of t h i s  

Parent Mater ia l  Specimens 

1. The use of a 15 MHZ,0.375 inch diameter l i t h i u m  s u l f a t e  transducer 

with a 1/8-inch col l imator  i n  the  shear wave mode a t  a 27 degree 

incident  angle  provided the  optimum crack de tec t ion  c a p a b i l i t y  f o r  

t he  0.036 inch  t h i c k  specimen. 

2. The same transducer using a 1/4-inch col l imator  a t  a 25 degree 

incident  angle proved optimum f o r  use on the  0.143 inch t h i c k  specimen. 

3. While both above-listed inspect ions could be accomplished without 

the  use of col l imators ,  t h e i r  use enhanced t h e  r e so lu t ion  of the 
defects due t o  e l iminat ion of s igna l s  received from t h e  e n t r y  surface. 

Although the re  was some d i f f i c u l t y  due t o  surface f i n i s h  v a r i a t i o n  from 

specimen to specimen and between the  t o p  and bottom su r faces  (chem 

mil led and machined) of each specimen, t h e  optimized technique provided 

crack de tec t ion  from e i t h e r  surface.  

4. The bas i c  d e l t a  technique, using various transducer combinations, was 

a b l e  t o  d e t e c t  t he  l a r g e r  crack i n  the 0.036 inch t h i c k  specimen and 

both cracks i n  the  0.143 inch t h i c k  specimen. 

i n  the  0.036 inch t h i c k  specimen could not  be detected by the  d e l t a  

technique, it was abandoned i n  favor of t he  shear wave technique 

described above e 

Since t h e  smaller c rack  

Weld Spec imens 

1. A s  i n  the inspect ion of the  pqrent  mater ia l ,  t he  shear wave and the  

bas i c  d e l t a  transducer a r r a y  were explored. 

del ta"  method wherein the  r ece ive r  is he ld  f i x e d  was t r i e d .  

I n  addi t ion,  a " shu t t l e  
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2,  The bas i c  d e l t a  technique provided l imi t ed  r e s u l t s  on the  t h i c k  

specimens bu t  adequate defect  de t ec t ion  i n  the  t h i n  welded specimens. 

3. The shear wave technique proved adequate i n  the  de t ec t ion  of t he  cracks 

using 15.0 MHZ transducers.  

4. The s h u t t l e  d e l t a  technique appeared b e s t  f o r  the  de t ec t ion  of d e f e c t s  

over the complete range of thicknesses,  Consequently, t h i s  technique 

with a 5 MHZ/5 MHZ transducer p a i r  was chosen a s  the  optimum technique 

f o r  ‘chis inspect ion.  All of the  reference de fec t s  were detected 

u t i l i z i n g  t h i s  technique. 

Magnaf lux 
A contact  hand scan procedure was employed using a Magnaflux PS 901 
u l t r a s o n i c  u n i t .  

a t  5.0 MHZ with glycer ine a s  t he  contact  media. 

A l/b-inch Magnaflux 45 degree transducer was used 

NASA/MSC 

Note two u l t r a s o n i c  procedures (surface and shear wave) were used s ince  

no eddy current  inspect ion was conducted. 

Equipme n t  

Branson Model 5OC Sonoray Flaw Detector 

Branson, s t r a i g h t ,  immersed, 10 M H Z ,  Pb metaniobate, l/h-inch transducer 

Tee hnique 

Water immersion 

Surface wave angle  32 degrees 

Shear wave angle 20 degrees 

Procedure 

Gain s e t t i n g s  optimized on c a l i b r a t i o n  specimens; for surface wave a s i n g l e  

ga in  se’cting was s u f f i c i e n t  f o r  a l l  specimens; f o r  shear wave gain s e t t i n g s  

va r i ed  depending on specimen type and thickness .  

Scanning w a s  semi-automatic i n  t h a t  t h e  t ransducer  scanning br idge was  

mounted on wheeled t r a c k s  which provided movement i n  t h e  x and y d i r e c t i o n s .  
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Bridge manipulation was  done by hand. 

i n  t h e  x d i r e c t i o n ,  

end and edge loca t ions  on the x and y axes, optimizing f l a w  s i g n a l  and 

recording x and y axis readings.  

The scan was  indexed every 1/4-inch 

Flaw loca t ions  were determined by recording specimen 

Loc khe e d 

Exploratory t e s t s  indicated t h a t  i t  would be des i r ab le  t o  automate the  

performance of t he  eddy current  t e s t i n g  both t o  enhance p r e c i s i o n  and i n  

order t o  generate an object ive record of inspect ion r e s u l t s .  Two eddy 

cu r ren t  instrumen’cs were u t i l i z e d  i n  these t e s t s ,  the Magnaflux ED 520 and 

t h e  Nortec NDT-3. The laboratory u l t r a son ic  t ank  C-scan br idge was used t o  

provide the  mechanics f o r  automatic scanning capab i l i t y .  Two types of 

recordings were generated.  

surface depict ing the  loca t ion  of the  cracks was obtained through the use 

of t h e  standard u l t r a s o n i c  C-scan recording system a f t e r  a s p e c i a l l y  

developed e l e c t r o n i c  c i r c u i t  was added t o  the  system. A dua l  channel 

Sanborn s t r ip  c h a r t  recorder was used t o  record the  amplified eddy cu r ren t  

s i g n a l  generated by the  presence of the  flaw. 

were provided t o  both the  ED 520 and NDT-3 t o  permit the transmission of 

t he  output from the  respect ive ins’crument ’GO b o t h  recording systems. 

A p l o t  p l an  two-dimensional view of t he  specimen 

Special  e l e c t r i c a l  l eads  

The following r e su l t s  were noted: 

1. The NDT-3 instrument,  using a v a r i e t y  o f  modules and probes t o  provide 

d i f f e r e n t  operat ing frequencies ,  was used only i n  explorat ion.  The 100 

KKZ module (F-100) and probe (Sp-100) provided the  best  r e s u l t s .  

t h i s  frequency, v a r i a t i o n s  due to surface roughness, s l i g h t  probe tilt 

caused by probe drag, and conduct ivi ty  changes due to t h e  weld zone, 

were minimized. 

A t  

2. The ED 520 instrument and supplied probes proved adequate i n  t h e  

de t ec t ion  of the defects i n  a l l  of the specimens. The lack of sp r ing  

loading c a p a b i l i t y  made s e t t i n g  up very c r i t i c a l  with regard t o  

l e v e l i n g  t h e  specimens to t h e  bridge. 
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3. All of the  craaks i n  the  welded and the pa ren t  ma te r i a l  specimens were 
Scan r a t e s  varying between 35 defined using 'che s t r i p  c h a r t  recorder.  

and 50 feet/minute were used wi th  no adverse e f f e c t  on f law re so lu t ion .  

Index s t eps  of 0.020 inch t o  0.050 inch were used i n  conjunction with 

the  d i f f e r e n t  scan r a t e s ,  

was found t o  be 43 feet/minute wi th  an index s t e p  ofO.020 inch. 

l i m i t i n g  f a c t o r  i n  scan r a t e  i s  the  i n a b i l i t y  of the electro/mechanical 

recorder  t o  keep up with the  eddy current  instrument when using high 

probe scan speeds. 

The optimum condi t ion f o r  scanning/recording 

The 

A Magnaflux ED 51.0 instrument was used with a hand scan procedure employing 

a 3-nut probe w i t h a  l/h--inch diameter spr ing loaded Boeing probe operated 

a t  80 KKZ. 

5.3 Inspect ion Procedure 

The sequence of N D I  tes'cing t h a t  would r e s u l t  i n  minimal i n t e r f e rence  with 

defect  de t ec t ion  by the  successive N D I  t e s t s  was se l ec t ed .  Thus, eddy 

current  t e s t i n g  wi th  a potenLial effec'c of masking of the de fec t  by poss ib l e  

smearing of the  m e t a l l i c  surface from r e p e t i t i v e  probe contact  was placed 

l a s t  i n  t he  sequence. Penetrant t e s t i n g ,  which requires  a dry,  c lean surface 

f o r  proper defect  de t ec t ion ,  was accomplished f irst .  Radiography was 

accomplished a f t e r  penetrant  inspect ion,  and the  u l t r a son ic  inspect ion 

was accomplished a f t e r  the  radiography. 

Each laboratory was in s t ruc t ed  t o  conduct each inspect ion method independent 

of t he  preceding methods, using d i f f e r e n t  personnel f o r  each procedure when 

possible .  Following f ab r i cn t ion ,  a l l  unknown specimens and reference 

specimens were inspected a t  Lockheed, then s e n t  t o  Magnaflux f o r  inspect ion,  

and then sen t  t o  NASA/MSC f o r  inspection. 

t o  Lockheed, and t h e  unknown specimens loaded s t a t i c a l l y  t o  90 percent of t h e  

r e spec t ive  ma te r i a l  y i e l d  s t r eng th  i n  a 50,000 lb Baldwin un ive r sa l  t e s t  

machine. The proof t e s t e d  unknown specimens and the  reference specimens 

The specimens then were returned 
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then were reinspected a t  Lockheed, Magnaflux, and NASA/MSC. The unknown 

specimens then were f r a c t u r e d  by NASA/MSC and the  a c t u a l  c rack  s i z e s  and 

loca t ions  recorded. For each inspect ion a l i s t i n g  of estiriia’ced crack s i z e  

and crack loca t ion  was supplied t o  Lockheed f o r  each method and inspection. 

These da t a  formed t h e  b a s i s  f o r  t he  NDI ana lys i s ,  reported i n  Section 7. 



Section 6 

PHASE I RESULTS 

6.1 Analy t ica l  m r e s s i o n s  

Two b a s i c  a n a l y t i c a l  expressions were evaluated t o  determine the  accuracy 

with which €atigue-crack propagation expressions coulC; be used t o  p r e d i c t  

the cycles  required t o  produce crack breakthrough. One expression examined 

was t h a t  of Forman ( 11) 

and the  o the r  t h a t  proposed by H a l l  (12) 

where C1, C2, nl, n2, m, p = experimental constants  

&K = a l t e r n a t i n g  s t r e s s  i n t e n s i t y ,  cKmax - Kmin ) 
K = c r i t i c a l  f r a c t u r e  toughness 

KIc = c r i t i c a l  plane s t r a i n  f r a c t u r e  toughness 

m i  n/smax R = s t r e s s  r a t i o , S  

A = crack  depth 

9. = I rwin ' s  p l a s t i c i t y  corrected shape parameter 

= a r b i t r a r y  s t r e s s  for determination o f  C 

C 

2 
A =  Kmin/AK 

When viewed i n  mathematical terms, Forman's equation i s  b a s i c a l l y  a two 

parameter experimental f i t  of the  crack propagation data with a s t r e s s  r a t i o  

co r rec t ion  added t o  s a t i s f y  the  condition t h a t  
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Hal l ' s  expression is  more complicated i n  t h a t  the  degree of a n t i c i p a t e d  f i t  

i s  improved by using fou r  experimentally determined constants (p lus  one 

a r b i t r a r y  s t r e s s )  r a t h e r  than the  two parameter f i t  used by Forman. 

t h i s  may increase t h e  accuracy somewhat (assuming the gene ra l  form i s  v a l i d ) ,  

it does r equ i r e  more experimental da ta  t o  a l low a reasonably accurate  

determination of t h e  various experimental constants .  I n  add i t ion ,  the  

equation i n  its o r i g i n a l  form y i e l d s  the  crack propagation r a t e  of the  

normalized crack depth, A/Q, r a t h e r  than the  phys ica l  crack depth, thus 

accounting f o r  t h e  change i n  shape a s  we l l  a s  crack depth. For t he  purpose 

of t h i s  study, t he  assumption used a t  NASA/MSC was made t h a t ,  f o r  the range 

of crack s i z e  s tud ied ,  t he  parameter Q could be t r e a t e d  a s  a constant based 

on t h e  i n i t i a l  c rack  shape. The equation then was r ewr i t t en  a s  

While 

= constant.  
Q = Q i n i t i a l  where 

A review of e x i s t i n g  dA/dN data showed s u f f i c i e n t  data ex i s t ed  f o r  the  

parent 2219-T87 material a t  room temperature and some l i m i t e d  data existed a t  

a Some c ross  weld da ta  a t  room elevated temperature ne'ar 300°F (21,22 

terriperature a l s o  was found, b u t  n o  weld data was found a t  300°F. A s  a 

r e s u l t ,  a few of t he  cycles-to-leak t e s t s  were converted to.dA/dN t e s t s ,  

the  r e s u l t s  of which a r e  shown i n  Table 11 along with r ecen t  70°F weld 
r e s u l t s  obtained a t  T\IASA/MSC ( 2 3 )  . 

Using the  weld da t a  presented i n  Table 11 and t h e  parent da ta  presented i n  

Reference 21, t he  experimental constants shown i n  Table 12 were obtained. 

Several  important po in t s  concerning the  r e l a t i o n  of these experimental  

constants  warrant f u r t h e r  comments 

F i r s t ,  t h e  range of data and &umber of data 

s u f f i c i e n t  t o  develop a high degree of prec is ion  on the  experimental 

constants .  

po in t s  available are not 

This i s  e spec ia l ly  t r u e  f o r  the  weld data where t h e  range 
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TABLE 12. MPEXl2E\JTAL CONSTANTS DETERMINED FOR 2219-T87 
FORMAN~S AND HALLDS EQUATION$ 

PARFJTI! MATERIAL WELD MATERIAL 
PARAMETER 

F o m n  E q u a t i o n  

C ’  

n 

Kc’ P s i  

S , p s i  
Y 

H a l l  Equation 
C ’  

n 

P 

AS,, ps i  

75°F 

1. 4 - 
2 e 5  

40,000 

55,000 

3.6 

2.5 

1 

1-9 9 700 

40,000 

3 0 0 0 ~  75°F 

1 e 4 10-l’ 3.1- 

2Q5 3.5 

40,000 30, ooo 

45,000 25,000 

3 e 60 9.7 * 

2.5 3074 

1 1 

40 000 30,000 

5.44 

5.23 

30 000 

21,000 

I. 77 - 10-~7 

5.42 

1 

17,500 

30,000 
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of hK was l imi t ed ,  p a r t i c u l a r l y  f o r  the  300°F t e s t s  where 6.6 < - CK < - 10.9 
ks i A s  

a r e s u l t  the experimental  cons t an t s  used a r e  considered t e n t a t i v e  pending 

the  development of a d d i t i o n a l  dA/dN data a 

due t o  t h e  low maximum s t r e s s  defined by 0.8 y i e l d  s t rength .  

Second, ava i l ab le  da t a  on K and K i s  very The values shown 

i n  Table 12 a r e  best es t imates  based on the  da t a  ava i l ab le  t o  NASA/MSC a t  

the  t i m e  of t h i s  r e p o r t .  However, some v a r i a t i o n  i n  XIc can be t o l e r a t e d  

s ince  it e n t e r s  i n t o  the  equations only as a difference wi th  a parameter 

(LK) which i s  t y p i c a l l y  of t h e  same order of magnitude. 

v a r i a t i o n  i n  K 

values.  

I C  C 

A s  a r e s u l t ,  a 

would produce only a small  s c a l a r  s h i f t  on predicted dA/dN IC 

F i n a l l y ,  f o r  t h e  case of R = 0 ( f o r  nearly a l l  ava i l ab le  d a t a ) ,  t he re  i s  

l i t t l e  d i f f e rence  i n  the  f u n c t i o n a l  form between Forman's and Ha l l ' s  equation 

a s  shown below: 

S imi l a r ly  Forman's equation can be r ewr i t t en  by using the  r e l a t i o n s h i p  t h a t ,  

f o r  R = 0, 

bu t  = constant s o  

C 'A Kn 
K ma x 1 - -  

dA/dN = 

K I C  

where C' = C2/KIc. 
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A comparison of t h e s e  two equations shows both to be of t he  form 

The only func t iona l  difference is  i n  the  s c a l a r  m u l t i p l i e r  which i s  a constant  

f o r  Forman's equation b u t  is a va r i ab le  i n  Ha l l ' s .  A s  a r e s u l t  Ha l l ' s  

equation p r e d i c t s  an  increase i n  dA/dN f o r  increasing Q ( i . e . ,  increasing 

A/2C) f o r  a constant b K  and a decrease i n  dA/dN with an increase i n  AS. 
Neither t rend i s  predic ted  by Forman's equation. Unfortunately, no 

cons i s t en t  body of da t a  i s  a v a i l a b l e  f o r  2219-T87 t o  s t a t i s t i c a l l y  prove or  

disprove these t rends e If, however, the a v a i l a b l e  data i s  c a r e f u l l y  examined, 

i nd ica t ions  of such t r ends  should become apparent.  

The maximum p r a c t i c a l  v a r i a t i o n  i n  the  predicted a/@ values  due to the  

shape parameter, Q, i s  expected t o  be approximately 2 ,  t h e  v a r i a t i o n  i n  Q 

a s  the  A/2C r a t i o  i s  var ied from 0.2 to 0.5. 
dA/dN f o r  t h i s  v a r i a t i o n  i n  Q i s  shown i n  Figure 16a f o r  t he  300'F r e s u l t s  

f o r  welded mater ia l .  A s  can be seen, the  v a r i a t i o n  due t o  Q i s  small  enough 

t h a t  normal s c a t t e r  i n  the da ta  masks the  accuracy of the  pred ic ted  t rend .  

The influence on the  predicted 

The influence of the stress level,  AS, however, i s  more apparent s ince  the 

term QS /AS i s  squared. 

w i t h  AS. 

higher  dA/dJ!I values as 5s decreases f o r  a constant  QK, t h e  t r u e  s h i f t  i n  t h e  

data is  very minor i f  it s ta t is t ical ly  can be shown t o  ex is t  a t  a l l .  Figure 

1 6 ~  shows t h e  relatively- l a rge  s h i f t  i n  dA/dJ!? w i t h  (l/AS) t h a t  i s  predic ted  

by Hal l ' s  equation t o  be unwarranted f o r  t h e s e  thicknesses  of parent 2219-TO7. 

Figure 16 shows t h e  predicted v a r i a t i o n  i n  dA/dN 
0 

While it would appear t h a t  t h e  data may show a s l i g h t  s h i f t  t o  

2 

The f i t  of Forman's equation t o  t he  e x i s t i n g  data  i s  shown i n  Figure 17. 
The r e s u l t s  show Forman's equation t o  f i t  a l l  of the data q u i t e  well ,  t h e  

room temperature and 3OO'F paren t  ma te r i a l  data  f a l l i n g  02 an approximately 

common curve. The funct ional  s i m i l a r i t y  between H a l l * s  and Forman's 

equation is  again shown i n  Figure 18, the Forman equation providing a good 
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Figure 18. Comparison of t h e  Predicted Fat igue Crack Propagation Rates 
Using H a l l ' s  and Forman's Equation 
2219-T87 Weld Material (R = 0.05)  
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c o r r e l a t i o n  with t h e  data  developed a t  d i f f e r e n t  s t r e s s  l e v e l s .  This 

s i m i l a r i t y  i n  form between the  two equations i s  again shown by t h e  near ly  

equal  values  of t he  exponent i n  the  A K  term which were obtained f o r  the  two 

equations.  The values  a r e  i n  q u i t e  good agreement considering the  l imi t ed  

data ava i l ab le  f o r  t h e i r  determination. 

I n  view of the apparent i n v a l i d i t y  f o r  2219-T87 of the (l /AS)2 t e r m  i s  Hall's 
equation and the  exce l l en t  agreement of Forman's equation with the  da t a ,  

the main emphasis was s h i f t e d  t o  t h e  use of Forman's equation. 

was ava i l ab le  a t  s t r e s s  r a t i o s  other  than 0 .1  > R ,  the room temperature 

cycle-to-leak da ta  f o r  parent ma te r i a l  a t  R = O,5 was screened and specimens 

tha t  d id  not l e a k  during the  tes t  were i d e n t i f i e d .  These r e s u l t s ,  near ly  

a l l  of them being i n  the  0.041 inch thickness,  then were used t o  compute 

average dA/dN data  a t  R = 0.5. 
by Forman's equation, a r e  shown i n  Figure 19. The predicted values  a r e  i n  

r e l a t i v e l y  good agreement with the  da t a ,  the  predicted r a t e s  tending t o  be 

s l i g h t l y  higher than the  measured r a t e s .  

Since no da ta  

The r e s u l t s ,  along with the  r e s u l t s  pred ic ted  

6.2 

I n  view of the l a c k  of c o r r e l a t i o n  of the da ta  i n  the previous sec t ion  wi th  

the  l / ( & S )  

(R = 0.05) were f i r s t  compared with Hal l ' s  equation t o  determine i f  it f i t  

the  t r ends  i n  the  da ta .  

ma te r i a l  i n  Figure 20, show t h a t  t he  Hal l  equation does not follow the  t r end  

i n  the  da t a .  

over es t imate  of f a t i g u e  l i f e  a t  high s t r e s s ,  AS = 45,000 p s i ,  and an under 

es t imate  of the l i f e  a t  low stress, AS = 28,000 p s i .  

presence of the  Q term does not  p r e d i c t  the cons i s t en t  l aye r ing  of the  da ta  

with Q, lower A/2C values (lower Q) having s h o r t e r  l i v e s  than the  same depth 

f law wi th  a high A / 2 C  (higher Q) . It should be pointed out ,  however, t h a t  

t h e  form of the H a l l  equation be ing  considered by NASA ( i . e . ,  0, = constant  

and the  equation in t eg ra t ed  a s  a one-dimensional expression) i s  not s t r i c t ly  

cons i s t en t  with its o r i g i n a l  form where d(A/Q) /dN is the  ca l cu la t ed  parameter 

2 term i n  H a l l ' s  equation, the pa ren t  ma te r i a l  cycles-to-leak data  

The t y p i c a l  r e s u l t s ,  shown f o r  t h e  0.08 pa ren t  

2 A s  noted f o r  the  dA/dN da t a ,  t h e  l/AS term r e s u l t s  i n  an  

I n  add i t ion ,  t he  
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However, f o r  the  form of the  H a l l  equation used i n  t h i s  program, it does 

not s a t i s f a c t o r i l y  p r e d i c t  t he  cycles-to-leak behavior of 2219-T87. 

Figures 2 1  t o  23 present  the pa ren t  ma te r i a l  da t a  ( R  = 0.05) along wi th  t h e  

pred ic ted  r e s u l t s  us ing  the  Forman equation. A s  shown, the  predicted 

values  using the  Forman equation do follow the  t rends i n  the  da t a  f o r  var ious 

thicknesses ,  i n i t i a l  A/2C value,  and a l t e r n a t i n g  s t r e s s  l e v e l .  

predicted values do follow observed t rends i n  t h e  data,  t h e  pred ic ted  

r e su l t s  were usual ly  conservative,  i .e . ,  t he  predicted l i f e  being equal  t o  

o r  somewhat s h o r t e r  than t h a t  observed from t h e  da ta .  The confidence i n  

obtaining experimentally a l i f e  equal  t o  o r  g r e a t e r  than t h a t  predicted by 

the  Forman equation would appear t o  be good. 

While t h e  

The cycles-to-leak da ta  f o r  t h e  c ros s  weld specimens t e s t e d  a t  room 
temperature and R = 0.05 is  presented i n  Figures  24 t o  26 along with the  

resu l t s  predicted by Forman's equation. A s  f o r  t h e  pa ren t  ma te r i a l ,  t h e  

pred ic ted  r e s u l t s  f i t  the  data t r ends  reasonably wel l ,  gene ra l ly  being 

conservative and forming a lower bound l i f e  f o r  the  data a t  a givenA/2C 

value. 

Cycles-to-leak r e su l t s  f o r  t he  long i tud ina l  weld specimens a r e  presented i n  

Figures 2 7  t o  29 along with the  r e s u l t s  pred ic ted  by the  Forman equation 

using the  cross  weld constants.  Data from specimens with t h e  f law a t  t h e  

cen te r  l i n e  of t h e  weld a r e  shown a s  open symbols while da t a  from specimens 

with t h e  flaw a t  t he  edge of t he  weld a r e  shown a s  f i l l e d  symbols. A 

comparison of t h e  two flaw loca t ions  i n  t h e  weld show t h e  r e s u l t s  t o  be 

comparable. Wnen compared with t h e  cross  weld r e s u l t s ,  t he  long i tud ina l  

welds e x h i b i t  c o n s i s t e n t l y  longer l i v e s  f o r  t h e  same condi t ions.  This i s  

r e f l e c t e d  i n  the  poorer f i t  of t h e  r e s u l t s  pred ic ted  by t h e  Forman 

equation, the  pred ic ted  values being qu i t e  conservative (approximately a 

f a c t o r  of 2 t o  4) .  
re inforcing e f f e c t  of t he  adjacent parent  ma te r i a l .  

p red ic ted  curves a r e  compared with t h e  da t a ,  a s  shown by the  dot ted l i n e s  

i n  Figures 27 t o  29, the  r e s u l t s  agree f a i r l y  w e l l  a s  shown. However, t h e  

The increased l i f e  i s  bel ieved t o  be due t o  the  

If t h e  pa ren t  ma te r i a l  
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r e s u l t s  obtained based on t h e  parent  data do tend t o  be non-conservative. 

Examination of t h e  specimens wi th  t h e  f l a w  a t  t h e  edge of t h e  weld shuws 

t h a t  t h e  cracks tended t o  propagate more r a p i d l y  i n  t h e  parent  mater ia l ,  

l e a k  usua l ly  occurr ing i n  parent ma te r i a l  near t h e  fus ion  l i n e .  

The cycles- to- leak t e s t  r e s u l t s  a t  R = 0.5 a r e  shown i n  Figures 30 t o  33 f o r  

parent  and cross  weld specimens along with t h e  r e s u l t s  pred ic ted  by Forman's 

equation. A s  for t h e  R = 0.05 data ,  the pred ic ted  values follow the da ta  

t rends  s a t i s f a c t o r i l y ,  the pred ic ted  values tending t o  y i e l d  conservative 

r e s u l t s  ( i -e . ,  s h o r t e r  l i v e s )  Comparison of t he  data shows t h a t  t he  

d i f fe rence  between the  pred ic ted  and a c t u a l  values a r e  approximately the  

same f o r  the R = 0.5 data a s  f o r  the R = 0.05 data .  This ind ica tes  t h a t  f o r  

2219-T87 parent  and weld ma te r i a l  a t  room temperature, the  (1 - R ) K I c  term 

i n  Forman's equation provides an  adequate cor rec t ion  f o r  s t r e s s  r a t i o  

e f f e c t s  under constant  amplitude conditions e 

6.3 

Resul ts  of the cycles- to- leak t e s t s  conducted a t  300°F, R = 0.05, a re  

presented i n  Figures  34 t o  37 along with the  values pred ic ted  by the  Forman 

equation. The predic ted  values c o r r e l a t e  qu i t e  wel l  with the  data ,  again 

the  predicted values  being gene ra l ly  conservat ive,  the accuracy of t he  

pred ic ted  values being s l i g h t l y  b e t t e r  than f o r  the  room temperature r e s u l t s .  

The raw data f o r  both the room temperature and 300°F data  i s  presented i n  

Appendix I. 
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Sect ion 7 

PHASE I1 N D I  FBSULTS AND ANALYSIS 

A v a r i e t y  of f l a w  s i z e  parameters e x i s t  that  can be used to evaluate the  

de tec t ion  limits of various N D I  methods. Typical  parameters include sur face  

crack length,  crack depth, normalized crack depth,  crack a rea ,  and crack 

area/thickness.  

study then centers  on which c rack  parameter t o  base the  comparison on s ince  

each of t he  methods is  most s e n s i t i v e  t o  d i f f e r e n t  parameters. 

penetrant  r e s u l t s  a r e  sens i t i ve  t o  surface c rack  length bu t  r e l a t i v e l y  

in sens i t i ve  to crack area  or thickness .  X-ray, on the o ther  hand, i s  ve ry  

dependent on crack a rea  r a the r  than  surface crack length.  A s  a r e s u l t  

it is  possible t o  b i a s  t h e  r e s u l t s  somewhat i n  favor of a given method 

by the  se l ec t ion  of t h e  flaw parameter used i n  t h e  comparison. 

i n  this study, nea r ly  a l l  of t he  cracks were i n  the  range 0.2 - A/2c  - < 0.45 
s o  t h a t  t he  flaws general ly  would f a l l  i n  t h e  same r e l a t i v e  crack s i z e  param- 

e t e r  grouping f o r  most crack parameters. 

very l imi ted  sample s i z e  necess i ta ted  t h a t  r e l a t i v e l y  l a rge  f law s i z e  in t e rva l s  

be used t o  obtain a meaningfully la rge  flaw population i n  each in t e rva l .  

The d i f f i c u l t y  i n  comparing t h e  four methods examined i n  th i s  

For example, 

For t h e  d a t a  

This was  p a r t i c u l a r l y  t r u e  s ince  the  

Based on these considerations and l imi t a t ions  i n  the s i z e  of t he  da ta  base,  

t he  da t a  i n  the s tudy are  presented as a func t ion  of t he  surface crack length.  

This c rack  parameter was se lec ted  as a t y p i c a l  p a r m e t e r ,  b u t  i s  not t h e  only 

parameter t h a t  could be used t o  evaluate the  da ta .  The use of t h i s  parameter 

a l s o  allows a comparison of a c t u a l  versus measured crack s i z e  to be made, t h e  

surface crack length  being the  only flaw parameter cons i s t en t ly  estimated 

during inspect ion  

The s m a l l  samp.le s i z e  a l so  required t h a t  r a t h e r  extensive d a t a  combining 

be done t o  develop a large.enough flaw population t o  provide a meaningful 

evaluation. This required d a t a  combination procedure is undesirable s ince  
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it may mask s ign i f i can t  va r i a t ions  i n  the  ind iv idua l  elements of t h e  d a t a ,  

This might be expected t o  be p a r t i c u l a r l y  t r u e  f o r  t he  e f f e c t  of thickness 

when a spec i f i c  technique was somewhat d i f f e r e n t  f o r  various thicknesses .  If 

s u f f i c i e n t  da t a  ex is ted  (it does not on this program) to warrant a separat ion 

of t he  r e s u l t s  by thickness ,  t h e  t rends of these  d a t a  appear t o  ind ica te  

t h a t  smaller flaws can be r e l i a b l y  detected i n  t h e  thinner  thicknesses .  The 

w e  of t h e  combined da ta ,  however, does allow a s t a t i s t i c a l l y  based flaw 

de tec t ion  l i m i t  t o  be determined t h a t  is va l id  f o r  use i n  the  e n t i r e  thickness  

range of  t h e  da t a ,  i . e .  0.040 < B e 0.16 inch f o r  parent and 0.080 < B < 0.30 
inch f o r  welded mater ia l .  

- -  - -  

7.1 NDI Results 

The r e s u l t s  of t he  NDI study of t h e  unkmwn flawed panels a r e  . l i s ted  i n  

Appendix I1 and are p lo t t ed  i n  terms o f  percent flaws detected i n  Figures 

38 through 42 f o r  t h e  four NDI procedures examined.. The r e s u l t s  shown a re  

f o r  t h e  following a r b i t r a r y  grouping af surface f law lengths : 

0.050-0.074, 0.075-0.099, 0.100-0 e 149, 0.150-0.199, 0.200-0.249, and 0.250- 

0.299 inch surface c rack  length.  Within a given s i z e  range, t h e  percent of 

flaws detected i s  p lo t t ed  as t h e  average value of t h e  range. 

0-0.049, 

It should be noted t h a t  t he  r e s u l t s  shown i n  Figures 38 t o  42 a r e  

representat ive of  t rends  only s ince  the number of flaws, i . e . ,  sample s i z e ,  

f o r  each crack s i z e  increment per condition is very l imi ted .  A s  a r e s u l t  

a 50 percent de t ec t ion  l i m i t  may be representat ive of  f ind ing  one of two 

cracks as wel l  as t e n  of twenty cracks.  The f igu res  do shDw, hDwever, 

r e l a t i v e  t rends i n  t h e  d a t a  and do show r e l a t i v e  va r i a t ions  between 

l abora to r i e s ,  i a e . 9  procedures and personnel. 

It was found during the  study t h a t  na tura l  secondary flaws (we ld  poras i ty ,  

e t c . )  sometimes occurred i n  t h e  l'unknown" specimens. 

population of these  flaws, i.e.,, t h e  t o t a l  number and s i z e  present ,  was not 

known, these  secondary flaws were not included i n  the  ana lys i s .  As a r e s u l t ,  

the  d a t a  discussed i n  t h i s  s ec t ion  include only those cracks in t en t iona l ly  

However s ince t h e  t r u e  
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introduced by low s t r e s s  f a t igue  from EDM notches. I n  addi t ion ,  t he  

separat ion of  de tec t ion  and operator report ing accuracies was found t o  be 

d i f f i c u l t  a t  t imes.  When the  individual  overlays of the  specimens showing 

the loca t ions  and estimated s i z e  of  t he  detected defects  were compared wi th  

the  master sheet showing the  loca t ion  of t h e  prepared cracks,  some mismatch 

of 1ocat.ion was occasionally noted. The c r i t e r i a  used f o r  t h i s  study w a s  
t h a t  t he  reported flaw loca t ion  should be wi th in  approximately 1/2 inch 

radius  c i r c l e  of t h e  t r u e  loca t ion  t o  be counted as  a de tec t ion .  

some judgment s t i l l  was  required when obvious cases of repor t ing  e r ro r s  

arose such as  a s ing le  flaw of t h e  approximately correct  s i z e  being reported 

a t  an erroneous loca t ion .  In su f f i c i en t  da ta  were ava i lab le  from the r i s e r  

specimens for analys is .  

However, 

The r e s u l t s  shown i n  Figures 38 t o  42 provide an opportunity to examine t h e  

e f fec t iveness  of t h e  various procedures used by t h e  th ree  l abora to r i e s .  

The penetrant d a t a  show the  Lxkheed and NASA/MSC r e s u l t s  to be genera l ly  

superior  t o  the  Magnaflux procedure, 

f o r  t h e  three  labs  preproof r e s u l t s  and f o r  t he  two labs  post proof r e s u l t s  

( the  Lackheed po,st proof r e s u l t s  being ignored as  w i l l  be subsequent.ly 

d iscussed) .  

Lockheed procedure. The improved LRcJsheed r e s u l t s  are not  unexpected, 

however, s ince more time was used i n  developing optimized inspect ion 

procedures. 

where the Lockheed r e s u l t s  a r e  about the  same as NASA/MSC and s l i g h t l y  

b e t t e r  t han  Magnaf lux. 

The X-ray r e s u l t s  show s imi la r  results 

The eddy current  r e s u l t s  again show improved r e s u l t s  f o r  t he  

This is again r e f l e c t e d  i n  t h e  shear  wave u l t rasonic  r e s u l t s  

Figures 38 t o  42 show t h a t  penetrant  inspect ion general ly  de t ec t s  smaller 

flaws than  the  other  inspect ion methods. Eddy current  and shear wave -1ti.a- 

sonics a r e  comparable while X-ray is  l e a s t  e f f e c t i v e ,  

u l t rasonic  technique used by NASA/MSC shows exce l len t  d e t e c t a b i l i t y  

approaching t h e  l e v e l  of  de tec t ion  s h m  by the penetrant r e s u l t s ,  but  t h e  

r e s u l t s  of t he  method a re  l imi t ed  t o  the  one laboratory.  

The surface wave 



The influence of a p r i o r  proof s t r e s s  cycle is  seen t o  r e s u l t  i n  a genera l ly  

improved d e t e c t a b i l i t y  of cracks f o r  t he  penetrant ,  shear and surface wave 

u l t rasonic ,  and eddy current  methods. The b e n e f i c i a l  e f f e c t  of t he  proof 

cycle  i s  most apparent f o r  t h e  X-ray r e s u l t s  where the Magnaflux and NASA/MsC 

r e s u l t s  show a marked improvement. The lack of improvement i n  the  post praof 

Lockheed X-ray results would appear t o  Be due t o  operator v a r i a t i o n  or an 

unreported change i n  procedure s ince  cracks detected before proof were not 

detected i n  the post proof examination. 

The general  improvement of crack d e t e c t a b i l i t y  following a proof s t r e s s  

is  bel ieved due t o  t h e  increased separat ion of the crack surfaces  due t o  t h e  

r e s i d u a l  e f f e c t  of t h e  l a r g e r  p l a s t i c  zone surrounding the  crack praduced by 

the  high load proaf cycle .  

d e t e c t a b i l i t y  following proof could be the  a c t u a l  growth of the  crack 

during proof. 

following the  breaking open of t h e  flawed specimens. 

A second possible  reason f o r  t h e  increased 

However, no evidence of such growth was reported by NASA/MSC 

7.2 

Two parameters were examined s t a t i s t i c a l l y ,  t h e  accuracy of crack s i z e  

estimation from NDI r e s u l t s ,  and t h e  probabi l i ty  of de tec t ion  af  an e x i s t i n g  

crack. For t h e  f i rs t  examination, t h e  accuracy of crack s i z e  es t imat ion,  the  

ana lys i s  was l imi t ed  t o  the  penetrant  da t a  s ince  t h i s  was t h e  only d a t a  where 

a c t u a l  surface crack lengths were estimated, t h e  r e s u l t s  f o r  t he  other  

methods being l i s t e d  as  the  crack s i z e  r e l a t i v e  t o  the ava i lab le  standard 

crack s i zes .  

A computer prcgram was wr i t t en  i n  arder t o  present  graphica l ly  the  results 

of nondestructive t e s t s  as a p l o t  of estimated f law s i z e  against  t he  a c t u a l  

r e s u l t s  determined by subsequent examination. 

seven regions of a c t u a l  surface crack length were co l lec ted  a t  the mean value 

of t h a t  region, Superimposedrupon the  d a t a  poin ts  are the l i n e s  showing 

t h e  mean and one and two standard devia t ion  l i m i t s  assuming t h a t  t he  d a t a  

a re  d i s t r i b u t e d  i n  each region on a log-normal curve. 

The d a t a  pDints f o r  each of 
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The s t eps  used t o  ca l cu la t e  these  limits were as follows: 

1. Assume t h e  ar i thmetic  mean t o  be the  a c t u a l  value.  

2. Compute the  normal standard deviat ion,  5 from z 
- 2  

- c(x - a )  - 2 
x n 0 

3. The log-normal curve assumes t h a t  t h e  na tu ra l  logorithms of each X 
a r e  d i s t r i b u t e d  normally: 

Compute the  log-normal standard deviat ion 07, from: 

Y = log  Z e 
4. 

- 
5. Determine the  log-normal mean, Y,  from: 

Y 6. The 2 values f o r  any spec i f ied  Y are  computed from: % = e and 

Y t h e  values used t o  p lo t  the curves were Y = Y, 7 4- d 

which should ind ica t e  the  bounds containing 68 percent and 95 
percent of t h e  samples, respec t ive ly .  

Y -!- 0 - Y’ 

The r e s u l t s  of this analysis  as  displayed by computer graphics showed that 

the re  was i n s u f f i c i e n t  da t a  t o  obtain meaningful s t a t i s t i c a l  r e s u l t s  f o r  

each case.  

a s i g n i f i c a n t l y  l a rge  sample. 

penetrant r e s u l t s  e 

A s  a r e s u l t ,  a l l  of t h e  penetrant d a t a  was combined to provide 

The r e s u l t s  a r e  s h m  i n  Figure 43 for a11 

The second and most c r u c i a l  parameter, from a design s tandpoint ,  is t h a t  of 

determining the  p robab i l i t y  of de t ec t ing  a given s i z e  crack by a given NDI 

method. The following is a de r iva t ion  of the expression used t o  deteymine 

the  confidence limits and an est imate  3f t h e  probabi l i ty  o f  de tec t ing  a 

f l a w  i n  a specimen by nondestructive t e s t i n g ,  The assumption is t h a t  the 



Figure 43. Flaw Size Estimation Accuracy from 
Penetrant  NDI Resul ts ,  All Data 



r e s u l t s  of one experiment i nd ica t e  t h a t  of  n f laws,  S was de tec ted ,  It is  
required t o  know w i t h  what confidence one can assume t h a t  t h e  p robab i l i t y  of 

de tec t ing  flaws, p, is  Sn/N. 

dis t r iburt ion with mean np and s tandard devia t ion  

n 

Assume t h a t  S is d i s t r i b u t e d  by the binomial 

Using De Moivre's theorem, we can say t h a t  the p m b a b i l i t y  of S being 

bounded by a given i n t e r v a l  is: 
b 

where a and b a re  r e a l  numbers w i t h  a C b if n is s u f f i c i e n t l y  l a rge .  

To determine, f o r  example, t h e  95 percent confidence i n t e r v a l  f o r  P, we 
f i n d  from t a b l e s  of t h e  normal d i s t r i b u t i o n  t h a t  

r e s u l t s  i n  a = 1-96 and f r o m  t h i s ,  we der ive the expression 

(26) 
2 2 2 2 

p (n + a ) - p (25 3- a ) -:- s /IV = o 

The roo t s  of th is  equation f o r  given values o f  S ,  n and a give the required 

confidence l i m i t s .  The equation was solved f o r  each region of  ac tua l  values 

f o r  t h e  following values of  a :  

Confidence 

90 

95 
97.5' 

1.645 

1.96 
2.24 

To obta in  meaningful r e s u l t s  from this  ana lys i s  however, a r e l a t i v e l y  i a r g ?  

data  base i s  requi red .  Due t o  the  ma l l  number of specimens examined for each 
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condi t ion,  it was necessary t o  combine da ta  i n  order t o  develop a 

s i g n i f i c a n t l y  l a rge  da t a  base f o r  use i n  t h e  ana lys i s .  While t h i s  procedure 

does obscure some of the va r i a t ions  due t o  d i f fe rences  i n  procedures, 

mater ia l ,  and thickness ,  it does provide a usable bas i s  f o r  comparing the  

"average" r e s u l t s  f o r  each of  t h e  four N D I  methods examined. 

The first study was t o  compare the  pre- and post-proof r e s u l t s  f o r  each N D I  

method by combining the  da ta  f o r  a l l  thicknesses of the  weld and parent 

mater ia l  and f rom the  three  labs  together .  These r e s u l t s  a r e  shown i n  Figures 

44 t o  47. 
t h e  confidence leve ls  of i n t e r e s t  (90 and 97.5 percent)  were very low due 

t o  t h e  small sample s i ze .  The one s e t  of surface wave u l t rasonics  could 

not be analyzed due t o  the  in su f f i c i en t  amount of da ta .  Note t h a t  t h e  e f f e c t  

of a l imited amount of da ta  even f o r  the  combined data  r e s u l t s  i n  t he  lower 

confidence l e v e l  f o r  the  very la rge  cracks where only a few cracks of t h a t  

s i z e  were present .  

reported e 

Again, however, t h e  d a t a  bases a r e  shown t o  be small enough t h a t  

This i s  t r u e  even though the re  was a 100 percent de tec t ion  

Before attempting t o  rank t h e  flaw de tec t ion  limits of  t he  various techniques,  

s eve ra l  observations must be made. F i r s t  t he  bas i s  f o r  comparison must be 

decided. This includes both the  crack parameter used and t h e  de tec t ion  

limits required,  i . e . ,  the  probabi l i ty  of de tec t ion  o r  missing a flaw and 

the  confidence l eve l s  of i n t e r e s t .  Second, t h e  var iab les  and degree of 

leg i t imate  da t a  combining must be determined. 

For example, Figures 44 t o  47 present a s t a t i s t i c a l  bas i s  f o r  the  de tec t ion  

limits appl icable  t o  a s t r u c t u r e  of 0.045 < - -  B 0.16 inch parent and 

0.080 C - -  B < 0.30 inch welded mater ia l  f o r  each NDI method. 

a l s o  r equ i r e s  an averaging together  of t h e  d a t a  from th ree  labora tor ies  using 

r'optimuml' b u t  somewhat d i f f e r e n t  procedures a 

f o r  operator va r i a t ions  not examined i n  t h i s  program, it w i l l  y ie ld  a conser- 

va t ive  ( l a r g e r )  10% detec tab le  flaw s i z e  s ince  it includes the  worst as  wel l  

as  bes t  procedure. If, however, t he  da ta  is separated by laboratory,  fu r the r  

However, t h i s  

While this  may tend t o  compensate 
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Figure 44. ?re-Proof and Post Proof Penetrant Inspect ion 
S t a t i s t i c a l  Analysis Resu l t s  ( A l l  Data) 

102 



PRE-PROOF 

90% CONFIDENCE LEVEL --- 

POST PROOF 
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Figure 45. Pre-Proof and Post Proof X-Ray Inspect ion S t a t i s t i c a l  
Analysis Resul ts  ( A l l  Data) 
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shear wave u l t r a s o n i c  and X-ray data separa t ion  becomes questionable s ince  

d i f f e r e n t  gains ,  e t c . ,  were used f o r  d i f f e r e n t  th icknesses ,  parent  and weld 

materials. However, the data base i s  much too s m a l l  f o r  such extensive 

separa t ion  of da t a .  

For t h e  purpose of  t h i s  study, t h e  combined da ta  base was s e l ec t ed  f o r  the 

basis of comparison due t o  t h e  l imi t ed  da ta  ava i l ab le  f o r  each thickness/  

mater ia l / labora tory  combination. 

and a ranking of t h e  b a s i c  methods which would be appl icable  f o r  a l l  of t h e  

th ickness /mater ia l  condi t ions examined. For s p e c i f i c  cases  ( i - e . ,  th ickness/  

mater ia l / labora tory)  a smaller c rack  de tec t ion  l i m i t  i s  ind ica t ed  by t h e  data 

bu t  cannot be s t a t i s t i c a l u  v e r i f i e d  w i t h  t h e  s m a l l  ava i l ab le  da ta  sample. 

In essence t h i s  w i l l  yield de tec t ion  l i m i t s  

The use of the combined da ta  curves w i l l  thus  provide conservat ive de t ec t ion  

l i m i t s .  

The following r e s u l t s  ind ica te  t h e  t e n t a t i v e  ranking of t h e  var ious techniques 

and t h e  minimum detec tab le  sur face  crack length f o r  t h e  mean assumed 

p robab i l i t y  of de t ec t ion  shown (no s p e c i f i c  confidence l e v e l )  based on t h e  

combined da ta .  

2 .  

3. 

1. 

2 .  

Pre -Froof 

Surface Wave Ultrasonic  1. 

Eddy Current 

Shear Wave Ultrasonic  

> 0.20 inch 

> - 0-25 inch 
2 .  

X-Ray >>O.3O inch 3. 

Penetrant  
Eddy Current 
Shear Wave Ultrasonic  
Surface Wave Ultrasonic  

X -Ray 

80% Crack Detection 

Penetrant 

Eddy Current 
Shear Wave Ultrasonic  
Surface Wave Ultrasonic  

X-Ray 

post Proof 

1. Penetrant 

> - 0.20 inch 2. Eddy Current 

> - 0.05 inch 

> 0.20 inch - 

>>0.30 inch 

> - 0.05 inch 

> 0.10 inch - 
Surface Wave Ultrasonic  
Shear Wave Ul-krasonic >>O.3O inch 

4, X-Ray >>0.3O inch 
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Section 8 

CONCLUDING DISCUSSION 

A s  shown i n  the  preceding sec t ions ,  the  use of Forman's equation t o  pred ic t  

the  cycles- to- leak y ie lds  r e s u l t s  which, while being general ly  conservative,  

agrees with t h e  t rends  i n  the  da t a  reasonably wel l .  I n  general ,  however, the  

predicted r e s u l t s  a r e  conservative.  The source of t h i s  va r i a t ion  may l i e  

i n  the  values used f o r  Kc, s ince  only estimated values were used. 

source may be t h e  use of the  s p e c i f i c  magnif icat ion f ac to r s  se lec ted .  If 

the  e l a s t i c  back surface cor rec t ions  a re  s e t  equal  t o  uni ty ,  t h e  predicted 

l i v e s  t y p i c a l l y  increase as shown i n  Figure 48. 
the  curve the  r i g h t  way, the  da t a  would ind ica te  t h a t  a +,ranslat ion of t h e  

c w e  r a the r  t han  t h e  t r a n s l a t i o n  plus slope change would provide a more 

accurate expression. Thus, a f u r t h e r  evaluat ion of appropriate  K values 

and t h e  constant C would seem warranted. 

Another 

However, while this  s h i f t s  

C 

A comparison of t h e  d e t e c t a b i l i t y  limits from this  program show a gene ra l  

improvement i n  t h e  crack s i z e  de tec t ion  l i m i t s  over e a r l i e r  work by Packman 

e t  a 1  (13), par t i cu la ry  f o r  t h e  penetrant r e s u l t s .  It should a l so  be noted 

t h a t  t he  work of S a t t l e r  (14) is  not t r u l y  cgmparable s ince  t h e  flaw loc-ations 

were known. The s t a t i s t i c a l l y  based de tec t ion  limits a re  a l s o  found to be 

somewhat l a rge r  than  those genera l ly  given as  t h e  "detect ion l i m i t "  of a 
t y p i c a l  NDI technique. This r e s u l t s  from t y p i c a l  d i f fe rences  i n  d e f i n i t i o n  

of "detect ion l i m i t " ,  a term sgmetimes used t o  def ine t h e  smallest  crack 

t h a t  can "sometimes" be found as  opposed t o  the  FM/NDI d e f i n i t i o n  t h a t  it is  
t h e  smallest  c rack  t h a t  w i l l  "always" be de tec ted  t 3  some s t a t i s t i c a l  b a s i s .  

An in tegra t ion  of t h e  cycles-to-leak r e s u l t s  and the N D I  capab i l i t y  can now 

be made t o  estimate the  f e a s i b i l i t y  of r e l i a b l y  obtaining a given design 

l i f e .  If, f o r  example, a design l i f e  of 1000 pressure cycles is  desired,  

t he  maximum i n i t i a l  f law depths t h a t  can be t o l e r a t e d  as  predicted by 
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Figure 48. Effect  of Back Surfaee Correction Factors  on the  
Cycles-To-Leak Predicted by Foreman's Equation 
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Forman's equation are summarized i n  Table 12 assuming a parent ma te r i a l  

s t r e s s  cycle of 45,000 p s i  (R = 0 )  and a cross  weld stress cycle of 20,000 

p s i  ( R  = 0 ) .  

then be converted t o  t h e  corresponding sur face  crack length  as shown. The 

problem now reduces t o  se l ec t ing  t h e  N D I  procedures t h a t  w i l l  screen t h e  

given s i z e  f l a w  t o  t h e  requi red  confidence l e v e l  i n  t h e  m a t e r i a l  type and 

thickness  i n  quest ion.  

(2C > - 0.20 inch f o r  100 percent de tec t ion ,  > - 0.050 inch f o r  80 percent 

de t ec t ion )  w e  f i n d  t h a t  a 100 percent de t ec t ion  cannot be assured. 

however, we examine Figure 38 and consider t h e  MSC penetrant  r e s u l t s  only,  

a crack with 2C > - 0.050 inch (no confidence l e v e l  s p e c i f i e d )  would d e t e c t  

cracks la rge  enough t o  cause f a i l u r e  i n  1000 cycles .  Thus, t h i s  procedure 

could be  used t o  insure  achieving the  design l i f e  once t h i s  de tec t ion  l i m i t  

i s  v e r i f i e d  s t a t i s t i c a l l y  wi th  add i t iona l  t e s t s .  

The f l a w  depths,  shown f o r  A/2C rat ios  of 0 - 2  and 0.5, can 

If t h e  combined d a t a  penetrant  r e s u l t s  a r e  used 

If, 

In summary, t h e  main conclusions t h a t  can be derived from t h e  da t a  i n  t h i s  

r epor t  a re  a s  fol lows : 

1. 

2. 

3. 

4. 

The Forman equation provides an adequate method of pred ic t ing  t h e  

cycles- to- leak behavior of 2219-T87 parent and weld ma te r i a l ,  t h e  

r e s u l t s  being t y p i c a l l y  conservative.  The Hal l  equat ion,  assuming 

Q constant ,  i s  not adequate and does not  pred ic t  t h e  observed t r ends  

i n  the  cycles- to- leak da ta  or  t h e  dA/m data f o r  2219-T87 i n  t h e  

thickness  examined. 

A p r io r  proof cycle does genera l ly  improve the  d e t e c t a b i l i t y  of cracks 

but  may or may not improve t h e  100 percent de tec t ion  l i m i t  f o r  a given 

NDI method. 

The combining of da ta  t h a t  was  requi red  on t h i s  program t o  produce a 

s u f f i c i e n t  data base f o r  s t a t i s t i c a l  ana lys i s  must be c r i t i c a l l y  

examined. 

show t h e  inf luence of such var iab les  as thickness  t o  be of s i g n i f i c a n t  

importance f o r  such procedures as u l t r a s o n i c s  and eddy cur ren t .  

In  p a r t i c u l a r  t he  development of a l a rge r  data base may we l l  

The ranking of t h e  N D I  procedures i s  influenced by t h e  c r i t e r i a  used 

t o  evaluate  t h e  procedwes.  



MAXIMUM 7NITUL FLAW SIZE FOR 
1000 CYCI;E LIFE, R = 0, ROOM TEMPERATURE 

Calculated Sheet Thickness, B, Inch 
I n i t i a l  Flaw Parent Weld 

Calculated I n i t i a l  Flaw Depth, Ai*, Inch 

0.2 0,024 0 .. 042 0 e 063 0.054 0.096 0.146 

0.5 0.032 0 e 056 0.098 0.075 0.143 0.250 

Associated Surface Crack Length, 2Ci9 Inch 

0.2 0 e 120 0.240 0 e 315 0,270 0.480 0.730 

0.5 0.064 0.112 0,196 0.15 0.286 0.50 

*Predicted using Forman's equation 
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Sect ion 9 

WCOMMENDATIONS 

A s  a r e s u l t  of t h i s  program, s e v e r a l  add i t iona l  areas t h a t  r equ i r e  f u r t h e r  

study have emerged,. Perhaps t h e  area t h a t  p o t e n t i a l l y  could have t h e  

l a r g e s t  impact i s  t h e  determination of t h e  e f f e c t  of t he  p r io r  proof cycle  

(which has been shown to be b e n e f i c i a l  t o  N D I )  on subsequent f a t igue  c rack  

growth behavior.  In p a r t i c u l a r  t h e  r e t a rda t ion  e f f e c t  of t h e  p r i o r  proof 

cycle on t h e  subsequent fa t igue-crack  propagation cycle may be a major 

e f f e c t  t h a t  could change the  predicted number of f a t igue  cycles  t o  l eak  

markedly. 

r e t a rda t ion  e f f e c t  of t h e  r e s i d u a l  p l a s t i c  zone would o f f s e t  any possible  

adverse crack growth e f f e c t s  during t h e  proof cycle  

the  f a t i g u e  l i f e  dramatical ly .  

For t h i s  ma te r i a l  it would be a n t i c i p a t e d  t h a t  t h e  b e n e f i c i a l  

and could increase (22) 

A second a rea  c lose ly  r e l a t e d  to t h e  e f f e c t  of t h e  p r io r  proof cycle and 

i t s  possible  crack r e t a rda t ion  e f f e c t s  i s  t h a t  of t h e  fa t igue-crack  

r e t a r d a t i o n  under spectrum loading. Research on through cracked panels has 

shown t h a t  considerable va r i a t ion  i n  predicted fa t igue-crack  propagation 

rates can occur when l i n e a r  cumulative damage concepts are used on spectrum 

data. However, v i r t u a l l y  no work on spectrum e f f e c t s  and r e t a rda t ion  

e f f e c t s  on surface f l a w s  has been conducted f o r  2219-T87, 

A t h i r d  a rea  is t h a t  of t h e  e f f e c t  of p l a s t i c i t y  and back sur face  

magnification f a c t o r s .  The work i n  t h i s  program ind ica t e s  t h a t  t h e  use of  

e l a s t i c  back sur face  magnification f a c t o r s  overcompensates when appl ied to 

fa t igue-crack propagation of sur face  flaws a Addit ional  s tudy  i s  required 

to i d e n t i f y  whether or not t hese  f a c t o r s  should be  rev ised  and considerat ion 

given t o  t he  poss ib le  r e l axa t ion  at t h e  crack t i p  due t o  t h e  back sur face  

r a t h e r  than  the  magnif icat ion of t h e  s t r e s s  i n t e n s i t y  parameter. 

t he  e f f e c t  of biaxial  and complex loading modes on the  fat igue-crack growth 

behavior should be  evaluated for  pressure v e s s e l  appl ica t ions  ., 

In  add i t ion  
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Fina l ly ,  add i t iona l  work i s  requi red  t o  adequately s tandardize N D I  procedwes 

f o r  use i n  e s t ab l i sh ing  s t a t i s t i c a l l y  s i g n i f i c a n t  inspect ion l i m i t s  More 

da t a  are requi red  t o  determine t h e  v a l i c i t y  of combining N D I  data from 

various thickness  and ma te r i a l  tests. I n  add i t ion ,  more work i s  requi red  t o  

examine t h e  "human f a c t o r s "  t h a t  inf luence the  r e l i a b i l i t y  of a given 

procedure e 

It i s  be l ieved  t h a t  add i t iona l  s tudy of these  f a c t o r s  w i l l  be requi red  t o  

provide a high degree of s t r u c t u r a l  i n t e g r i t y  i n  spacecraf t  tankage s t ruc tu re .  
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APPENDIX I 

CYCLES-TO-LEAK DATA 



SPEClMEN 
WMBER 

~ - 1 - ~ 2 6  
A -1 - ~ 2  5 
~ - 1 - ~ 3 0  
A-l-Bl5 
A-1-Bl0  
A-l-Bl4 
~ - 1 - ~ 3 6  

~ - 1 - ~ 3 1  
A - l - B l 3  

A-l-B22 
A-l-B33 
~ - 1 - ~ 2 3  
~ - 1 - ~ 6  
~ - 1 - ~ 1 8  

~ - 1 - ~ 9  
~ - 1 - ~ 1 9  
~ - 1 - ~ 3 2  

A-1-B12 

C1-24 
c1-11 

C l - I 2  
c1-2 
Cl-14 
Cl-5 

c1-1 
C1-25 

c1-23 

c i -3  

ci-15 

c1-32 
c1-29 

(21-27 
c1-20 
ci-16 
F1-37 

Cl-35 
C1-17 

C 1 - 3 8  

(21-21 

F1-31 
~ 1 - 1 9  
c1-22 
~ 1 - 2 6  
c1-28 
ci-36 
ci-8 

ci-6 

F1-4 
C 1 - 7  

F1-33 

Cl-34 
c1-10 

121-30 

THICKMESS 
B, INCH 

.082 

.082 

.082 

.082 

.082 

.082 

.080 

.081 

.081 

.080 

.082 
s 082 
.082 
.080 
.079 
.080 

081 

.082 

-157 

-155 
.156 

.160 

.158 

.158 

.160 

.158 

.160 

.156 

.156 

.158 
e157 

.158 
* 155 
-155 - 157 
* 157 

-157 

-159 

.157 
-159 

-158 

.158 

.156 

.158 

.158 

.156 

a159 

157 
-159 

,157 
.156 
157 - 159 

INITIAL 
SIJRF'ACE 
CRACK 
LENGTH 
2CI, INCH 

.078 

.log 

.158 . 102 

.log 

.131 
-087 
.1u. 
.141 

.085 

.l20 
-160 
.076 
.132 
-283 
.039 
.140 
*I57 

.251 

.180 

.112 

.258 
*159 
,125 
.276 
.247 
194 

.274 

.161 

.286 

.180 

* 350 
.268 
.140 
e 317 
-239 
* 100 
.310 
.bo0 
.247 

.bo1 

.3@ 

.213 
,465 

.223 

.566 

.377 

.289 

.455 

.382 

0 305 

.320 

.421 

*DNL - Did N o t  Leak 
Wrack  Not Completely Out of EDM 

INITIAL 
CRACK 
DE€?CH 
AI, INCH 

STRESS 
RAT I O  
R 

w m  
STRESS 
S, K S I  

CYCLES 
TO LEAK 

NL 
I I I 

0.080-INCH THICK PAARENT MATERIAL 

.@1 

.034 

.046 

.034 - 037 

.036 . @4 

.044 

. a 2  

.@6 
0 040 
.e46 
.013 
* 039 
.051 

.032 

.019 

.a1 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

45 4,884 
45 3,109 
45 1,414 
39 4,824 
39 3,377 
39 3,022 
28 15,090 
28 10,465 
28 8,721 

39 
39 
39 
28 
28 
28 

5,349 
2,882 
1,701 
5,OOODNL 
2,898 

795 
!O,OOODNL 
8,773 
6,413 

0.160-1m~ THICK PARENC MATERIAL 

.la 

.084 
055 . ll1 

.080 - 055 

.123 

.110 . ogl 
-133 
080 - 135 

.085 

.138 

.074 

.Ob6 . u o  
e 070 
.@O 
-135 
210 
* a73 

. a 9  

.081 

.052 . og3 

.071 

.062 

.IO1 

.090 
0 078 

. og3 

.072 

.118 

.088 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0.5 
0.5 
0.5 
0.5 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0.5 
0.5 
0.5 
0-5 

1-1 

45 
45 
45 
39 
39 
39 
28 
28 
28 
4 5 
45 
28 
25 

45 
45 
45 
39 
39 
39 
28 
28 
28 

45 
45 
45 
39 
39 
39 
28 
28 

45 
45 
28 
28 

28 

886 
1,941 

3,258 

3,028 
4,169 
6,334 
2,166 

~0,181 
8,164 

60 
1,348 
4,008 
2,340 
4,213 

18,305"" 

3,745 
7,567 

6 9  
978 

2,481 
904 

2,001 
3,433 
1,703 
3,655 
6,066 

5 , 175 
1,383 

5 , 701 

!O, OOODNL* 

1,732 

1,592 
6,682 
7,344 

14,757 

FINAL 
-ACE 
CRACK 
LENGTH 
2CF, INCH 

,200 
,207 
,253 
.212 

.221 
* 199 
.2M 
.218 

.I79 

,213 

-256 
.267 
.112 
.221 
.334 
.063 ~ 

.2og 

.222 

.450 

.450 

.405 

.401 

.432 

.407 
-377 
-390 
-330 
.455 

-253 

.500 

.380 

.GO3 

.520 

.480 
410 
482 

.420 

.379 

.520 

.457 

.565 
532 

.496 

.573 

.540 

.433 
705 

.501 

.485 

.587 

.685 

.561 

.408 

.082 

.081 

.082 

.082 

.082 

.082 

.082 

.082 

.080 

.081 

.080 
-050 

.082 

.030 

.081 

.082 

.079 

.080 

- 157 

-155 
.156 

,160 
.158 
.158 
e 160 
.158 
.160 
.156 
.156 
.158 
.105 

.158 
-155 - 155 
*157 
* 157 

* 157 
,158 

.158 
* 159 

.157 - 159 

* 159 
.156 

.158 

.158 

.156 
-157 
* 159 

-157 
.156 
,157 
.159 



* 'GESTS FOR 2219-~87 

SPECIMEN 
NUMBER 

B-1-5 
B-1-47 
B-1-3 
B-1-8 
B-1-6 
B-1-4 
B-1-7 
B-1-10 
B-1-9 
B - 1 - 1 1  
B-1-13 
B-1-31 
B-1-14 

B-1-48 
B-1-44 

B-1-45 
B-1-26 

B-1-16 
B-1-22 

B-1-49 
B-1-40 
B-1-27 

B-1-46 
B-1-29 

B-1-15 

B-1-19 
B-1-50 

B-1-28 
B-1-18 
B-1-51 

B-1-21 
B-1-53 

B-1-20  

B-1-43 

B-1-41 

A-l-B24 
A-l-B27 
A-l-B35 
A-l-B7 
A-l-B34 

A - 1  - B2 0 
A-l-B5 

A-l-B3 
A- l -B21 

PKLCKNESS 
3, I E H  

* 042 
.040 
.042 
.043 . 040 
,040 
* 043 
.042 
.e42 . 041 
.041 
.042 
.Ob2 

.041 

.040 

.041 

.041 

.042 

.Oh2 

.Ob1 

.041 

.041 

.041 

.040 

.041 

.040 

.Ob2 

.042 

.042 . 040 . a2 

.041 

.oh1 . 041 

.Ob2 

.080 

.081 

.082 

.081 

.082 

.083 

.080 

.081 . 080 

CNITIAL 
SURFACE 
:RACK 
B E T H  
XI, I N C H  

,038 
* 037 
.056 
-- - 033 
a 066 
.@7 
.045 
.080 
.044 
.a69 
.043 
.061 

0 044 
.049 
.065 
.032 
* 057 
.077 
0 044 
.051 

.036 

.052 
a68 
.041 . a68 . 07e 
.m5 
* 099 
.118 
.051 
.049 
.a61 
.io8 

-071 

0 037 . w 3  
.lo3 
.035 
. 6 5  
.110 
* 033 . c64 
.lo2 

3.040-Ifx:H THICK PARENT MATmIAL 

.016 

.022 

.029 

.012 - 029 

.013 

.@3 

.038 

. @3 

.030 

.022 

.027 

-- 

.019 

.014 

.020 

.010 

.016 

.@2 

.@1 

.019 
-020 

.@O 

.018 

.@7 

.016 

.@2 
019 
.@O 
.@8 
.032 
.@1 
.028 
.016 
.@8 

0,080-1 fx: 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0.5 
0-5 
0.5 
0.5 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0.5 
0.5 
0.5 
0.5 

THICK P 

45 
45 
45 
39 
39 
39 
28 
28 
28 
45 
45 
28 
28 

45 
45 
45 
39 

28 

45 
45 
45 
39 
39 
39 
28 
28 
28 
45 
45 
2 8  
28 

ENT MATE 

5,68WNL+ 

1,452 
4,555 

FI  NAL 
SURFACE 
CRACK 
LEETH 
~ C F ,  INCH 

.085 

.083 

.086 

Buckled F i r s t  Cycle 
5 , 0 4 1 ~ ~ ~  
3,634 

5, MSDNL 
993 

5, OOODNL 
3,878 

20,OOODNL 
5, OOODNL 

5,027 

1,645 
11,754 
11,594 
2,709 

20,OOODNL 
12,038 
11,480 

5,671 
4,479 
2,008 
9,643 
3,590 
2,988 

18,826 
4,909 
3,357 

6,685 

5, OOODNL 

3,288 

20, OOODNL 

20, OOODNL 
20,OOODNL 

AL 

.M1 0 45 7,123 

.018 0 45 3,412 

.055 0 45 1,508 . @5 0 39 12,526 

.037 0 39 6,980 

.049 0 39 2 , l l l  

.019 0 28 20, OOODNL 

.050 0 28 6,460 

.034 0 28 17,773 

.079 

.187 

.030 

.058 
-087 

.087 

.063 

.lo5 

.io6 

.Ill 

. og6 

.io8 

.I25 
-068 
.lo2 - 9 1  
.og2 
.log 
.110 
.lo7 
.io8 
.117 
.113 
.127 
.172 

* 059 

- 039 

.080 
*135 
-092 
.132 

* 179 
181 
.184 
.182 
.183 

.a68 

.178 

.176 

.172 

FINAL 
CRACK 
DEPTH 
%, INCH 

.0h0 

.040 

.0b2 

.030 

.0b0 
-015 
.031 
.041 
.035 
.a41 . 026 
.@8 

.0b1 . 040 

.041 

.041 

.0b2 

.042 

.031 

.0b1 

.041 

.0b1 

. d o  . 041 

.040 

.0b2 

.&E 

.a2 

.040 

.a2 
* 035 .a1 
.@6 
.038 

.080 

.081 

.082 

.082 

.083 

.081 

.081 
* 033 

.080 

1-2 



UI 1-2- RESULTS FOR CROSS WELDED 2219-T87 A CYCLES -TO-LEAK 

SPECIMAN 
NCTMBER 

A- 5 -6-IJ 
A-5-6-T 
A - 1 1 - 1 2 4  
A-1-2-Q 
A- 5 -6 -W 
A-5-6-R 
A-5-6-V 
A - l l - 1 2 - H  

A-9-10~ 
A-11-12N 
A-11-12K 

A-9-10-Y 

A-9-10-s 
A-11-12-E 

A-1-2-Z 
A-7-8-L 
A-3-4-X 

A-3 -4- J 
~ - 9 - 1 0 - ~  

A-3-4-aa 
A-3-4-c~ 
A-3-4-bb 
A-11-12-D 
A-1-2 -i i 

A-1-2-ee 
A-1-2-gg 

A-7-8-dd 

A-1-2kk  
A-1-2  j j 

D-4 
D-3 
D - 1  

D-8 
D-22 

D-25 

D-24 
D-16 

D-19 
D-18 

D-17 
D - 1 0  

'I-IICKNESS, 
B,  

INCH 

.074 
073 

.067 

.072 
* 075 
.072 

.074 
075 

.068 

.070 

.076 

.083 

.a69 

.076 

.081 

.072 

.069 
-077 

.068 

.076 

.078 

.066 

.080 

.079 

* 079 
* 079 
.074 

* 079 
079 

-153 
.153 
.158 

.151 

.141 
-155 

.141 

.I44 

.154 

.I53 

.I55 

.155 

INITIAL 
SURFACE 

CRACK 
LENGTH, 
Xi, INCH 

.141 

.134 

.110 

.125 

.116 

.150 

.io9 

.122 

.170 
153 

.170 

.180 

.158 

.162 

.I48 

.164 

.I64 

.142 

.142 

.192 

.166 

.167 

.098 

.170 

.200 

.204 
177 

.210 

.150 

.319 

.247 

.149 

.322 

.269 
* 329 

.342 
277 - 197 

.448 

.285 

.217 

.XITIAL 
CRACK 
DEPTH 
~ i ,  INCK 

.070 

.065 
-052 
.052 
.067 
.067 
.058 
.052 

.061 
-059 
*075 

SO75 
.062 
.063 
.061 

.063 

.060 

.051 

.072 

.074 

.Oh5 

.058 

.030 

.050 

.Ob7 

.046 

.051 

.Oh3 

.056 

TRESS 
WTIO 

R 

0 
0 
0 
0 
0 
0 
0 
0 

0.5 
0.5 
0.5 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0.5 
0.5 

0.16 INCH THICK, CROSS W 

.131 

.loo 

.068 
-117 
.112 
.116 

.124 

.io9 
* 077 
.144 
.loo I -072 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

MAXIMUM 
STRESS, 
S, K S I  

20 
20 
20 
20 
17.5 
17-5 
17.5 
17.5 

20 
20 
17.5 

20 
20 
20 
20 
1-7-5 
17- 5 
17.5 
17-5 

20 
20 
20 
20 
17.5 
17.5 
17.5 
17.5 

17.5 
17.5 

D RESULTS 

20 
20 
20 
17.5 
17.5 
17- 5 

20 
20 
20 
17.5 
17.5 
17.5 

CYCLES- 
TO-LEAK 

NL 

8 10 
2,261 
6,400 

11,528 
4,800 
6,178 
9 153 

20,000 DNL 

6,804 
20,000 DNL 

1 

371 
475 

2 , 922 
8,900 

1 
7,400 

11,482 
20,000 DNL 

10 
6,186 

17,101 
20,000 DNL 
6,146 

14,635 
19,364 
20,000 DNL 

20,000 DNL 
20,000 DNL 

1,542 
4,157 

17,361 
2,781 
5,703 
6,647 

1,252 
2,514 
6,157 

334 
12,427 
20,000 DNL* 

FINAL 
SURFACE 

CRACK 
LENGTH, 

? C f ,  INCH 

.154 
,146 
.169 
.208 
139 

.167 

. l-29 

.147 

-193 
.180 
.170 

,188 
,162 

.191 

.176 

.194 

.164 

.I84 

.147 

.192 

.209 

.204 

.138 

.222 

.206 

.230 

.200 

.220 
155 

391 
.437 
.398 
.397 
.403 
.422 

.413 
* 392 
.375 
.464 
.404 
.612 

FINAL 
CRACK 
DEPTH, 
2f, I N C €  

.074 - 073 

.067 

.072 

.060 

.072 
e075 

.075 

.068 

.067 

.076 

.083 

.069 

.076 

.072 

.069 

.065 

.081 

077 

.074 

.078 

.046 

.080 

* 079 

079 
.079 
.072 

.049 . c60 

* 153 
153 

.158 

.151 

. 141 
* 155 

.141 

.144 

.154 

.144 

153 

155 



1-2, REms CROSS WELDED z u 9 - ~ 8 7  CYCUS-TO-LEAK (C 

D-2 
D-9 
n-7 
D-5 
D -6 
D-13 

c -2 
c-1 
c-5 

c-3 
c -4 
c-13 

c-15 
C-14 

C -16 
C-17 

c -6 
c-7 
C -8 

C - I 2  
C - l l  
c-IO 

c-19 
c-9 
c -20 

c-21 
c-22 
C-18  

c-25 

c-26 
C-23 

C-24 

SPEC- 
MlMBER 

DNL - D I D  N 
LEAK 

THICKNESS 
B, 

INCH 

.I46 

.I46 

.147 

.154 

.145 

.160 

.290 

.291 
307 

.302 

.298 
* 305 

.300 
-295 

.287 
297 

.302 .a 

.298 

.300 

.300 

.287 

297 
.286 
.298 

.296 

.288 

.300 

.294 

.302 

.300 
e297 

0.16 INCH THICK, CROSS WELD RESULTS 

.412 

.348 

.229 

.459 - 350 
*e73 

.580 

.380 

.462 

570 
590 

.462 

.614 
* 565 

.642 

.559 

.492 

.442 

.415 

.584 
532 

.455 

.987 
-846 
.594 

f 774 

.672 

.781 

.860 

.963 
* 975 

.826 

.096 

.085 

.054 

.loo 

.080 

.070 

0.30 INCH 

.249 

.201 
,188 

* 255 
.236 
.219 

.265 

.238 

.292 

.240 

.200 

.187 

.181 

.215 

.206 
* 175 

.169 
* 173 
.134 

.162 

.158 

.220 

.167 

.167 

.264 

.I68 

20 
20 
20 
17.5 
17.5 
17.5 

THICK CROSS-WELD 

0 
0 
0 

0 
0 
0 

0-5  
0.5 

0.5 
0.5 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0.5 
0 - 5  
0.5 
0.5 

20 
20 
20 

17.5 
17.5 
17.5 

20 
20 

17.5 
17.5 

20 
20 
20 

17-7.5 
17.5 
17.5 

20 
20 
20 

17.5 
17.5 
17.5 

20 
20 
17.5 
17.5 

CYCLES- 
TO-LEAK 

NL 

::E;: 
11 593 
2,287 

17,366 
4,421 

532 
2,807 
5,840 

1,200 
3,028 
4,966 

3,514 
6,700 

19 
19,773 

1,559 
1,914 
2,288 

3,985 
4,845 
5,653 

697 
757 

4,378 

1,7M 

2,974 
2,359 

7 792 
10,823 

3 50 
LO, 960 

FINAL 
SURFACE 

CRACK 
LENGTH 
2Cf, INCH 

505 
.475 
.441 - 549 
.457 
.471 

.745 

.816 

.740 

.746 

.822 

.653 

.690 

.755 

.660 
* 777 

.675 

.683 

.681 

.753 

.805 

.615 

1.067 
1.069 
0-935 

,971- 
1.070 - 907 

0.978 
1.024 

1.211 
1.017 

FINAL 
CRACK 
DEITH 
Af, INCH 

.i46 

.146 

.147 

.154 

.145 

.160 

,290 
.291 
307 

.302 

.298 
* 305 

.300 
* 295 

-287 - 297 

-302 

.300 
-296 

.300 

.287 

.300 

* 297 
.286 
.;97 

.296 

.288 

.300 

. z94 

.302 
a297 
.300 



LE: %-3@ RESULTS OF RO  TO-^ TESTS FOR IONGI 

SPECIMEN 
mER 

THICKNESS 
B, INCH 

0.080 
0.081 
0.079 
0.080 

0 0 079 
0.080 
0.080 
0.080 

0 081 
0.081 
0.083 
0 081 
0.080 
0.082 
0,081 
0.081 

0.157 
0.157 
0.158 
0.158 

0.160 
0.163 

0.159 
0.159 

0.159 
0.160 
0.163 
0.159 

0.159 
0.161 
0.156 
0.159 

0.300 
0.298 

0.304 
0.299 

m 

0.195 
0.146 
0.180 
0,156 

0.288 
0.273 
0.258 
0,177 

3.080 I S H  THICK, MLGITUDINAL WELD, FIAW AT WELD CEI 

5,883 

6,720 

2,993 
6,432 

20 OOOD NL 

2 0, OOODNL 

20, OOOD NL 
20 , OOODNL 

3.141 
3.129 
3.156 
3.142 

3.262 

0.185 
3.232 

0.177 

0 .67  

0.070 
0 . 6 5  

0.054 
0.050 

0.040 

0.60 

0.039 

20 
20 
17.5 
17.5 

20 
20 
17.5 
17.5 

0,080 
0 . 6 5  
0 * 079 
0 071 

0.079 
0.080 
0.048 
0.043 

0.081 
0,065 
0.083 
0,081 
0.080 
0 082 
0.081 
0.081 

0.157 
0.140 
0.158 
0.U7 
0.159 
0.159 
0.160 
0.163 

0.159 
0.153 

0.159 
0.163 

0.159 
0 161 
0.156 
0.159 

0.300 
0.298 

0,304 
0.299 

B-2 
B-3 
B-4 
B-5 

B-10 
B-7 
B-15 
B-17 

B-9 
B - l l  
B-8 
B-14 
B-13 
B-16 

B-19 
B-20 

F-7 
F-16 
F-15 
F-14 
F-4 
F-2 
F-8 
F-5 

F-12 
F-13 
F-11 
F-10 

F-1 
F-3 
F-9 
F-6 

L-2 
L-1 

L-4 
L-3 

0,080 I S H  T H I C K ,  LOLGITUDINAL WELD, F W AT WELD EDGE 

0,158 
0.104 
0.167 
0.157 

0.235 

0.199 

0.194 

0.260 

0.078 
0.054 
0.078 
0.067 
0.060 
0.045 
0.080 
0.065 

20 
20 

116 

366 
7 562 
2 , 874 
4,723 

20, OOODNL 
0.163 
0.127 

17.5 
17.5 

0.179 
0.201 

20 
20 
17.5 
17.5 

0.225 
0.283 
0.260 
0.271 

1 
3,979 

0.16 IXH THICK, LOIGITUDINAL WELD , FLAW AT WELD C E k  

0 0 3 6  

0,322 

0.471 

0.487 

0.253 

0.253 

0.351 

0 - 379 

0.144 
0.126 
0.157 
0.129 
0.16 
O.Og4 
0.095 
0.086 

20 
20 
17.5 
17.5 
20 
20 
17.5 
17.5 

2,470 

2,260 
20 , OOODNL 

20, OOOD NL 
2,966 
7,437 
3,422 

13 , 580 
I 

0.349 
0.266 
0.335 
0.266 

0.16 INCH THICK , MNGITUDTNAL WELD FIAW AT WELD EDGE 

0.133 
0.130 
0.162 
0.112 

0.104 
0.092 

0.090 
0.100 

20 
20 
17.5 
17.5 

20 
20 
17.5 
17.5 

2,246 

23 
12,217 

1 , 872 
4,872 
3,648 
5,548 

3 , 309"" 
0.365 

0.368 
0-315 

0.400 

0 - 57'1 
0.490 
0.549 
0.544 

0.305 
0.254 
0.367 
0.298 

0.5l2 

0.483 
0.433 

.30 INCH 

0.548 
0.420 

0.391 

0.601 
0.501 

IICK MNGITLTDINAL WELD, FIAW AT WELD CENTERLINE 

0 
0 

0.231 
0.185 

0.271 
0.218 

0 
0 



TABLE 1-3. RESULTS OF ROOM T E N F E R A ~  ~ c ~ - T ~ ~ ~  TESTS FOR LONGITUDINAL 
WETB 22194'87 (C 1 

SPECIMEN 
mMBm 

L-10 
L- 7 

L-12 
L-16 

L-6 
L- 5 

L-a 
L-9 

L-15 
L- 14 
L-17 
L-13 

0.307 
0.307 

0.296 
0.296 

0.298 

0.300 

0.302 
0.298 

0.300 

0.299 

0.305 
0.300 

0 - 973. 
0.751 

1.000 
0.701 

0.30 1x1 
0.554 
0.507 

0.555 
0.475 

1.002 
0 792 

0.577 
o e 885 

0 20 2,274 1.113 0.175 
0.166 0 20 4,141 0.863 

0.280 0 17.5 6 1.040 
0.162 0 17.5 8,244 0.954 

1 

THICK L0IW;ITUDI~L WELD, FLAW AT WELD EEE 

0.246 0 20 1,881 0.709 
0.218 0 20 2,972 0.667 

0.255 0 17.5 2,416 0.648 

0.218" o 20 3,652 1.150 
0.133 0 20 5,936 0.968 

0.168 0 17.5 12,676 0.883 

0.228 0 17.5 15,932 0.702 

0,174 0 17.5 4,231 1.678 

*DM, - Did I%t Leak 
X-E 
Machine Malfunction 

1-6 



PECIMEN 
NUMBER 

HP1 
HP3 
w 4  
HP2 
HP5 
HP15 
HP9 
~ 1 6  

e 7  
HPll 
HPl4 
HP13 

H P l O  

HP12 
~8 

HC 11 
HC10 
HC12 
HC 16 
~ c 1 5  
HC14 
HC13 
HC 17 

HC2 
H C l  

HC7 
HC5 
HC4 
HC8 

H C ~  

cmcmss 
INCH 

.Ob2 

.Ob2 

.043 

.Oh2 

.Ob2 

.Ob2 

.042 
,041 

.157 

.156 
* 159 
* 159 

.158 

.156 

.158 

.158 

.082 

.080 

.070 

.081 

.071 

.080 

.076 
Void 

.290 

.296 

.294 
Void 
* 303 
303 

.300 

IDTITIAL 
SURFACE 

CRACK 
LENGTH, 
'ci, INCH 

.060 

.os1 

.063 

.063 

.096 

.io6 

.094 

.lo1 

.375 

.236 

.310 

.292 

.504 

.294 

.546 

.658 

.131 

.131 

.170 

.112 

.190 

.138 

.208 

.547 

.631 

1.183 
.651 

.531 

1.432 

YNITIAL 
CRACK 
DEPTH, 

Li, INCH 

033 
.024 
.033 
033 

.027 

.038 

.026 

.032 

.I33 

.io8 

.136 

.132 

.lo1 

.070 

.094 

.240 

-069 
.046 
.070 
.Oh8 
.Oh0 
039 
.062 

.270 

.219 
,238 

.204 

.241 
195 

;TRESS 
AT10 , 

R 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 

0 
0 

0 
0 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 

0 
0 
0 

STRESS 
KSI 

36 

23 
23 

23 

23 

36 

36 

36 

36 
36 
23 
23 

36 
36 

23 
23 

17.5 
17.5 
15 
15 
17.5 
17.5 
15 

15 
17.5 
15 

17.5 
15 
15 

2,461 
4,253 

12,238 

1.891 

4,448 

17 , 195 

2,553 
1, 932 

183 
1,379 
5,668 
8,408 

5 13 
2,037 

3,936 

2,383 
12,173 

2 
20,000 
2,863 
9,659 
3,401 

4,655 

560 
2,587 

667 

1,133 

300 

2,357 

FINAL 
SURFACE 

CRACK 
LENGTH, 
Cf, INCH 

.098 

.=3 

.129 

.128 

.143 

.I29 

.151 

.156 

.447 

- 503 
.479 

* 732 

.410 

.710 

-732 
.861 

.178 

.208 

.180 

.209 

.170 

.217 

.248 

.665 

.836 

.693 

1.486 
1.322 

.853 

FINAL 
CRACK 
DEPTH, 
f ,  I N C H  

thru 
thru  
thru 
thru 
thru 
thru 
thru  
thru  

thru  
thru 
thru 
thru 

thru  
thru 

thru 
thru 

thru 
thru 
thru 
.074 
thru 
thru 
thru  

thru 
thru  
thru 

thru 
thru 
thru  

1-7 



APPENDIX I1 

NDI FLAW DETECTION DATA 



H 

I l l  

x x o  

H 

I l l  

H H H  H H  
n 

a 
x x x o  x x  f x x x x x x  x x x o x  x x x x x  x x x x x x  2 o x  

x x x o  o x  I x o o x x o  o x x o o  x x x x x  o o x x x x  x x x  

x x x o  o x  I x x x x x x  x x x o o  x x x x x  x x x x x x  5 0 %  
h- 

* * * *  * *  * o x o x x o  x x x o o  o x x x x  o o o x x x  g o o  

2 
x x x o  x x  I x x x x x x  x x x o o  x x x x x  x x x x x x  .d Id * * 

x x x o  o x  I x o o x x o  o x x o o  x x x x x  o o x x x x  x o x  

h 

* * * *  * *  * o x o x x o  o x x o o  o x o x x  o o o x o x  0 0 0  

x x x o  x x  I x x x x x x  x x x o o  x x x x x  x x x x x x  * * *  

x o x o  o x  ; o o o x x o  x x x o o  x x w x x  o o o x x x  5 0 0  

x x x o  x x  I x o o x x x  x x x o o  x x x x x  x x x x x x '  J * *  
3 

ti o x 0 0  o x  I o o o x x o  o x x o o  x x x x x  o o o o o x  2 x 0  

0 0 0 0  o x  ; o o o x x o  o x x o o  x x x x x  o o o o o x  g x o ~  

* * * *  * *  * * * * * * *  * * * * *  * * * * *  * * * * * *  J * *  
a k  
w 

0 0 0 0  0 0  I 0 0 0 0 x 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0 0  rn 0 0 0  

0 0 0 0  0 0  I 0 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0 0  0 0 0  

H 

a 

X 
H 

3 
0 0 0 0  0 0  0 0 0 0 0 0  0 0 0 0 0  0 0 0 0 0  0 0 0 0 0 0  H 0 0 0  

x x x x  x x  I x x x x x x  x x x o o  x x x x x  x x x x x x  $ ; x x I  

w 

I 

x x x x x x  W z l x x o /  x x x x  x x  x x x x x x  x x x x o  x x x x x  

m m 3 

\ < T :  N 
rl N 

I 1 
\ 

3 
H 
H 



, , I  

x x o  

x o o x  x x x  x x x x x  o x x x  x x x x  x x x x x  x x o  

x o x x x  x x o  x o o x  x x o  o o x x x  x x x x  x x x x  

x o x x  x x x  o o x x x  o o x x  x x x x  x o x x x  x x o  

x o o o  x x x  o o x x x  x o x o  x o x o  o o x x x  x x o 1  

* * * *  x x o  o o x x x  o o x x  x x x x  x o x x x  x x o  

x o o x  x x o  o x x x x  o o o x  x x x x  x o x o o  x x o  

x o o o  x x o  o o x x x  o x o x  x o x o  0 0 0 0 0  0 0 %  

* * * *  x x x  o x x x x  o o x x  x x x x  x o o x x  x x o  

x o o o  x x x  o o x x x  x o o x  x o x x  o o x x x  x x o  

* * * *  x x x  o o x x x  o o x x  x x x x  x x x x x  X X O 1  

x o o o  o x o  o o x x x  o o o x  x o x x  o o x x o  o x o 1  

O A S L  -xr: x x--- x x i-; x x x x 0 

0 0 0 %  x x o  o o o o x  0 0 0 0  0 0 0 0  0 0 0 0 0  0 0 0  

o o o x  x x x  0 0 0 0 ~  0 0 0 0  0 0 0 0  o o o o x  0 0 0  

* * * *  0 0 0  0 0 0 0 0  0 0 0 0  0 0 0 0  0 0 0 0 0  0 0 0  

0 0 0 0  0 0 0  0 0 0 0 0  0 0 0 0  0 0 0 0  v 1 0 0 0 0 0  0 0 0  

x o o o  x x o  0 0 0 0 0  0 0 0 0  0 0 0 0  

0 0 0 0  x o o  0 0 0 0 ~  0 0 0 0  0 0 0 0  u 0 0 0 0 0  0 0 0  

$5 

I: 
~ 0 0 0 x 0  0 0 0  

H 

x x x x  ; 1 x x x  o o x x x  x x x x  x x x x  p / x x x x x  ro X X X I  

x o x o  3 1 x x x  o o x x x  x x x x  x x x x  3 1 x x x x x  X X X I  
H 

.ri I 

0 0 
0 

w -! \D -! ? 0 ? m $ 1  ? 
0 0 \o 

? 

a rl 0 
rl rl 

rl 0 N 



I , ,  

x x o  

x x  0 0 x 0  o x  0 0 0  ~ 

I x x  o x x o  o x  x o o  I 

I x o  0 0 x 0  o x  0 0 0  I 

I 
0 0  0 0 x 0  o x  0 0 0  I 

x x  x x x x  o x  0 0 0  I 
x o  o x x o  o x  0 0 0  I 

0 0  0 0 x 0  0 0  0 0 0  I 

I x x  x x x x  o x  0 0 0  I 

I x x  0 0 x 0  o x  x o x  I 

x x  x x x x  o x  x x x  I 

x o  o x x o  o x  0 0 0  I 

x x  X X T T X V  

0 0  0 0 0 0  0 0  0 0 0  I 
I 

0 0  0 0 0 0  0 0  o x o  I 

0 0  0 0 0 0  0 0  0 0 0  : 

0 0  0 0 0 0  0 0  0 0 0  I 

I 
0 0  0 0 0 0  0 0  0 0 0  I 

0 0  0 0 0 0  0 0  0 0 0  I 

x x  x x x x  x x  x x x  I 

I 
x x  x x x x  x x  x x x  I 

0 0  o o n n  0 0  0 0 0  
0 0  o n +  m o  n n n  
5 :  ? ? N ?  0.N. ? ? ?  I 

0 0 0 0 0 0 W 0 

? ? ? ? T 

2 m 
4 W ri c- ri 

3 
H 
H 

* t  



5 

10 

5 

.20 

ENGTH, 2C, INCH 

FIGURF: 11-1. DISTRIBUTION OF CRACK SIZES OF ALL SPECIMEMS 
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