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ABSTRACT 
g387 6. 

This  r e p o r t  p r e s e n t s  a s t a t e - o f - t h e - a r t  s u r v e y  of the nondes t ruc -  

The  r c p o r t  is conce rned  p r i m a r i l y  with 
t ive measuremc,n t  and evaluat ion of r e s i d u a l  s t r e s s e s  produced  i n  
m e t a l s  and m e t a l  s t r u c t u r e s .  
r e s idua l  s t r e s s e s  produced  du r ing  the f ab r i ca t ion  of s t r u c t u r e s  m a d e  
of high- s t r eng th  a luminum a l loys .  

D i scuss ions  a r e  p r e s e n t e d  in  fou r  s ec t ions  which provide  the  
following: 

fundamenta l  l n fo rma t ion  on r e s i d u a l  s t r e s s e s  that  is  needed 
to u nd c r s t a nd ni e a s u r e m  e n t t e c hni ‘1 u e s 

rev iew of me thods  of m e a s u r i n g  r e s i d u a l  s t r e s s e s ,  including 
s t r e s s -  rc,laxation tclchniquvs, X - r a y  d i f f rac t ion  technique ,  the u l t r a -  
sonic  tcxchniclue, the hardnc,s s technique , and c r a c k i n g  technique s 

ni  c’ a s u r c m  c x  n t of r c s id ual  s t r e s s e s du r ing  fa b r ic  a t  i o n of m e t  a1 
s t r u c t u r e s  (mc~ thods  of n iec isur ing  r e s i d u a l  s t r e s s e s  and  typ ica l  
exper i rncnta l  da t a  a r e  d e s c r i b c d )  

se l ec t ion  and us( ’  of a p p r o p r i a t e  m e a s u r e m e n t  techniques  
and ( ,valuation of r e s u l t s .  

On the b a s i s  of findings obtaincd du r ing  th i s  s u r v e y ,  r ecomnienda -  
t ions a r c  givtsn f o r  fu tu re  r e s e a r c h  o n  nondes t ruc t ivc  m e a s u r e m e n t  of 



FOREWORD 

The purpose  of t h i s  s u r v e y  was t o  r ev iew p resen t ly  avai lable  
informat ion  r e l a t ive  t o  the  nondestruct ive m e a s u r e m e n t  and evaluat ion 
of r e s idua l  s t r e s s e s  produced i n  m e t a l s  and m e t a l  s t r u c t u r e s ,  as 
r eques t ed  by the M a r s h a l l  Space Fl ight  C e n t e r ,  Manufacturing Engi -  
nee r ing  Labora to ry ,  NASA. 

Informat ion  for thi-s r e p o r t  was obtained f r o m  the l i t e r a t u r e  and 
f r o m  a v i s i t  t o  Reds tone  Arsena l .  

An a t t empt  w a s  m a d e  to u s e  the m o s t  r e c e n t  l i t e r a t u r e  ava i lab le  
to  d e s c r i b e  the techniques employed i n  m e a s u r i n g  r e s idua l  s t r e s s e s ;  
however ,  s o m e  old l i t e r a t u r e  w a s  n e c e s s a r i l y  used  s ince  i t  provided 
the  b a s i s  f o r  c u r r e n t l y  appl icable  techniques.  

iii 
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Section I. INTRODUCTION 

Res idua l  s t r e s s e s  a r e  those  s t r e s s e s  that  would e x i s t  i n  a body i f  
afl e x t e r n a l  loads  w e r e  r emoved .  
t u r e s  o c c u r  f o r  m a n y  r e a s o n s  during v a r i o u s  manufac tu r ing  s t a g e s ,  
They  a r e  known to be d e t r i m e n t a l  to the behavior  of m e t a l s  s t r u c t u r e s  
unde r  c e r t a i n  conditions.  

Residual  s t r e s s e s  in  m e t a l  s t r u c -  

A s ta te -of -  t h e - a r t  s u r v e y  h a s  been m a d e  of nondes t ruc t ive  m e a s u r e -  
m e n t  and  evaluat ion of r e s i d u a l  s t r e s s e s  in  m e t a l s  and  m e t a l  s t r u c -  
t u r e s .  The  s u r v e y  is  conce rned  p r i m a r i l y  with r e s i d u a l  s t r e s s e s  p r o -  
duced  du r ing  the fabr ica t ion  of s t r u c t u r e s  m a d e  i n  h i g h - s t r e n g t h  alu- 
m i n u m  a l loys ;  however ,  s o m e  d i s c u s s i o n  is n e c e s s a r i l y  b a s e d  on  d a t a  
r e l a t ive  to s tee l .  

T h e  f i r s t  sec t ion  d e s c r i b e s  fundamenta l  i n fo rma t ion  on  r e s i d u a l  
s t r e s s e s  that is n e c e s s a r y  f o r  a comple te  unde r s t and ing  of m e a s u r e -  
m e n t  techniques.  

The  second sec t ion  r ev iews  p r e s e n t l y  ava i lab le  techniques f o r  
m e a s u r i n g  r e s i d u a l  s t r e s s e s .  
re laxa t ion  techniques a r e  reviewed.  
the X - r a y  diffract ion technique, the u l t rasonic  technique,  the h a r d n e s s  
technique, and the c r a c k i n g  techniques.  

Var ious  me thods  based  on the s t r e s s -  
D i s c u s s i o n s  a l s o  a r e  m a d e  on 

T h e  th i rd  sec t ion  d e s c r i b e s  m e a s u r e m e n t  of r e s i d u a l  s t r e s s e s  
p roduced  du r ing  quenching, machining,  fo rming ,  and  welding. F o r  
e a c h  of t h e s e  p r o c e s s e s ,  me thods  of m e a s u r i n g  r e s i d u a l  s t r e s s e s  a r e  
d i s c u s s e d ,  along with typical  da ta ,  espec ia l ly  those on high- s t r e n g t h  
a l u m i n u m  a l loys .  

T h e  f o u r t h  sec t ion  d e s c r i b e s  information on (1)  se lec t ion  of m e a s -  
u r e m e n t  techniques a p p r o p r i a t e  f o r  a p a r t i c u l a r  job,  (2)  u s e  of m a t h e -  
m a t i c a l  a n a l y s i s  i n  the expe r imen ta l  studies. of r e s i d u a l  s t r e s s ,  and 
( 3 )  the evaluat ion of e x p e r i m e n t a l  data  on  the b a s i s  of the  effects  of 
r e s i d u a l  s t r e s s e s  on the behav io r  of s t r u c t u r e s .  On the b a s i s  of the 
qua l i ty  of d a t a  and c o s t  r e q u i r e d ,  bonded s t r a i n  g a g e s  a r e  r e c o m -  
m e n d e d  as far as  they a re  applicable.  
m a y  be  u s e d  i n  s o m e  c a s e s .  
u s e f u l  i n  the fu ture .  

The  X - r a y  d i f f rac t ion  technique 
The u l t rasonic  technique m a y  b e c o m e  

On the b a s i s  of f indings obtained d u r i n g  th i s  s u r v e y ,  r e c o m m e n -  
da t ions  a r e  given f o r  fu tu re  r e s e a r c h  on  nondestruct ive m e a s u r e m e n t  
of r e s i d u a l  s t r e s s e s  du r ing  fabr ica t ion  of m e t a l  s t r u c t u r e s .  
areas  w h e r e  r e s e a r c h  is  needed a r e :  

Ma jo r  
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development  of nondes t ruc t ive  m e t h o d s  of m e a s u r i n g  r e s idua l  
s t r e s s e s  

m e a s u r e m e n t  and cont ro l  of r e s idua l  s t r e s s e s  du r ing  f ab r i -  
c ation 

effects of va r i a t ions  in  p r o c e d u r e s  on the magni tude  and d i s -  
t r ibut ion of r e s idua l  s t r e s s e s .  



Section II. FUNDAMENTAL INFORMATION ON RESIDUAL STRESSES 

This  sec t ion  provides  fundamental  in format ion  on s t r e s s ,  s t r a in ,  
and the m e c h a n i c a l  p r o p e r t i e s  of m e t a l s  as they are i m p o r t a n t  f o r  the 
m e a s u r e m e n t  of r e s i d u a l  s t r e s s e s .  Also given is fundamenta l  informa- 
t ion on r e s idua l  s t r e s s e s  that  i s  needed to unders tand  m e a s u r e m e n t  
techniques ,  as wel l  as def ini t ions of impor t an t  technica l  t e r m s .  

1. Stress, Strain, and the Mechanical Properties of Metals 

a. S t r e s s  and S t r a in  

When a body is in  equi l ibr ium under  the ac t ion  f o r c e s ,  
1 i t  i s  sa id  to  be i n  a condition of s t r e s s  o r  i n  a s t r e s s e d  s t a t e .  

s t r e s s e s  c a u s e  deformat ions  o r  s t r a i n s  in  the body. 
Such 

(1) S t r e s s .  S t r e s s  intensi ty  i s  usua l ly  m e a s u r e d  i n  
In the  s imple  c a s e  of a p r i s m a t i c a l  b a r  pounds p e r  s q u a r e  inch.::: 

subjec ted  to tension,  as shown in F i g u r e  1 ,  the  s t r e s s ,  u, is 

P 
A ’  

l J -=-  

w h e r e  
P = total  t ens i l e  f o r c e ,  or  tens i le  load 

k = c r o s s - s e c t i o n a l  a r e a .  

In  a g e n e r a l  s t r e s s  f ie ld ,  s t r e s s e s  a re  not d i s t r ibu ted  uni formly  
and s t r e s s e s  a r e  not uniaxial .  
ac t ing  on  the th ree  perpendicular  planes pass ing  through any point, 0, 
of a body. 
a n o r m a l  s t r e s s  perpendicular  to the plane and two componen t s  of 
s h e a r i n g  s t r e s s  act ing i n  the plane.  
t o  the  x-axis, f o r  example ,  are  the n o r m a l  stress, ux, and the shea r ing  
s t r e s s e s ,  rXy and T ~ ~ ,  act ing i n  the d i r ec t ions  p a r a l l e l  to  the y- and 
z - a x e s ,  respec t ive ly .  B e c a u s e  of the equil’lbrium of the e l emen t ,  only 
six componen t s  are  independent,  as follows: 

F i g u r e  2 shows stress components  

On  e a c h  pa i r  of p a r a l l e l  planes t h e r e  a r e  t h r e e  components :  

Acting on the  plane pe rpend icu la r  

UX, cy, u z ;  TXY = TyX; TYZ = TZy; Tzx - - TXZ. 

T h e s e  six quant i t ies  a r e  ca l led  the components of s t r e s s  f o r  that  point. 

:::In the m e t r i c  s y s t e m ,  k g / m m 2  is commonly  used t o  e x p r e s s  the 
s t r e s s  in tens i ty :  

2 1 k g / m m  = 1422 psi .  

3 



P 

4 
a 

P 

F i g u r e  1. P r i s m a t i c a l  B a r  Subjected to Tens ion  Load, P 

F i g u r e  2. S t r e s s  Components  



If thc s i x  coniponcnts of s t r t l s s  a r c >  kno\\.n, the. st rc .ss  on any 
incl inc~d plane through t h e ’  saiilc’ point can  b c x  calcu1atc.d ( r c f c  r to  
P a r a g r a p h  1 of Appcndiz).  
dic 11 1 a 1- p 1 ;I 1 1 ~ ~ s  f o r  whi ch  shc a r i  ng s t r C ’ S  s C >  s \,;in i s1ic.d . 
ar t ’  ~.allc.d the. p r inc ipa l  planos (coord ina tc  azc’s pc~rp r~nd icu la  r to th(.sv 
p1anc.s a r e  cal1c.d the pr inc ipa l  a s v s ) ,  and strc,sscs act ing on t l i c , s (>  
p1anc.s a r c  ca l led  pr inc ipa l  s t r c s s c s .  

It is  al\\.ays possible, to find t l i r v r ~  pe rpcn-  
Tht. s cl 111 ;I t i  s 

( 2 )  Stra in .  W1ic.n f o r c e s  arc> appl icd t.o a b o d y ,  the> body 

The. s t r a i n ,  

-- 
dc.iorii is  slightl)..  In the s iniplc  c a s < ’ ,  a s  shown in F i g u r e  1 ,  thc  1r.ngth 
of t h v  b a r  inr.rt.,ascs f r o m  i t s  or iginal  \,aluc. L t o  L t A L .  
E ,  i s  clsprc>ss<,d a s  follows: 

A L  
L E = - .  

I n  a gcnr.ral s t r a i n  f i e l d ,  therc. are s i s  indc,pendclnt s t r a i n  c o n i -  
norula l  s t r a i n s ,  c x ,  c y ,  and c Z ,  and shva r ing  s t r a i n s ,  y x y ,  ponc>iits:  

y y z ,  and yzx. 

( 3 )  S t r e s s - S t r a i n  Rela t ionships ,  Hooke’s  Law. In m o s t  
engineer ing  s t r c s s  ana1ysr.s it i s  c u s t o m a r y  to assumrt  that  s t r u c t u r a l  
matchrials art’ purc,ly e l a s t i c ,  homogeneous,  and i so t rop ic  ( m a t e r i a l  
p r o p e r t i e s  a r e  the s a m e  in  a l l  d i r ec t ions ) .  Accord ing  to  Hooke’s  la \ \ , ,  
thc  magnitudes of s t r a i n s  and stresscss a r c  propor t iona l  as follo\k s :  

E = Modulus of e l a s t i c i ty  ( in  tens ion) ,  o r  Young‘s  modu lus  

v - P o i s s o n ’ s  r a t i o  

C = modulus  of r igidi ty ,  o r  s h c a r  modulus .  

S t r e s s -  s t r a i n  r c l a t ionsh ips  in the  p las t ic  condition a r e  m u c h  mor t ’  
c o m  p 1 e x . 
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b. Mechanical  P r o p e r t i e s  of Meta ls  

F i g u r e  3 shows schemat i ca l ly  the s t r e s s - s t r a i n  cu rve  o f .  
A s  the load o r  s t r e s s  i n c r e a s e s ,  a m e t a l ,  such as an  a l u m i n u m  alloy. 

s t r a i n  changes as shown by the cu rve  OABCD. 
e l a s t i c  region and i t s  s lope c o r r e s p o n d s  to Young's modulus.  
s t r e s s  a t  point B i s  the yield stress, : : :  and when the load i s  i n c r e a s e d ,  
the m e t a l  d e f o r m s  p las t ica l ly .  
s t r eng th ,  and the m e t a l  f r a c t u r e s  a t  point D. 

The  reg ion  O A  is the 
The 

Poin t  C r e p r e s e n t s  the u l t ima te  t ens i l e  

C 

F i g u r e  3 .  S t r e s s - S t r a i n  C u r v e  of a Metal  

::Some m e t a l s ,  including c a r b o n  s t e e l ,  c l e a r l y  exhibi t  yielding, 
while o thers ,  including a l u m i n u m  a l loys ,  d o  not. 
0 . 2  percent  p e r m a n e n t  ex tens ion  h a s  taken  p lace  is  commonly  used  f o r  
defining the yield s t r e s s  i n  m e t a l s  such  as a l u m i n u m  a l loys .  

The  s t r e s s  a t  which 



S t r a i n  changes  when thc  load  is  decreased o r  when the m e t a l  i s  
un1oadc.d. Whvn s t r e s s  i s  d e c r e a s e d  f r o m  an a r b i t r a r y  point,  P, on 
the l inc  OA, s t r a i n  d e c r e a s e s  as  shown by the dot ted a r r o w  and no 
permanent s e t  r e m a i n s  a f t e r  t he  load is  r emoved  ( r e t u r n s  t o  the  o r ig in ,  
0 ) .  When s t r e s s  is d e c r e a s e d  f r o m  an a r b i t r a r y  point,  Q, on the c u r v e  
BC, s t r a i n  changes  as shown by the  l ine QO'. 
the  p e r m a n e n t  s e t  o r  thc  p l a s t i c  s t r a in .  
the  l i ne  AO. If thcx m e t a l  i s  loaded again,  s t r a i n  changes  as shown by 
Q'QCD, ind ica t ing  a n  i n c r e a s e  in the e l a s t i c  l i m i t  f r o m  the  s t r e s s  
which c o r r e s p o n d s  to A t o  that  which c o r r e s p o n d s  to  Q. 
of s t r e s s  cr a t  F o i n t  Q can  bc, de t e rmined  by m e a s u r i n g  the  amount  of 
c l a s t i c  s t r a i n ,  U'Q' ' = E '  , which t a k t s  p lace  d u r i n g  unloading,  a s  
f 0 11 0 w s : 

QQ' (=  e l l )  r e p r e s e n t s  
The  l ine  QQ' is  p a r a l l e l  to  

T h e  magni tude  

(r = E E ' .  (4)  

An i m p o r t a n t  C h a r a c t e r i s t i c  of m e t a l s  du r ing  unloading is  that  
thcy bchavc in a pure ly  e l a s t i c  m a n n e r ,  even  i f  they have  undergone  
p l a s t i c  de fo rma t ion .  
rv l a \ a t ion  tccliniqucs have been  developed f o r  m e a s u r i n g  r e s idua l  
s t rc ,sscs  in m c t a l s .  

Th i s  c h a r a c t e r i s t i c  i s  the  b a s i s  on which s t r a i n -  

I n  m o s t  c a s e s  involving r e s idua l  s t r e s s  m e a s u r e m e n t s ,  the h i s t o r y  
o f  thc  m e t a l  being inves t iga ted  i s  not known. 
sonic  po r t ions  of the  s p r c i m c n  havc undergone p las t ic  de fo rma t ion ,  
and nonun i fo rm plas t ic  de fo rma t ion  i s  a m a j o r  s o u r c e  of r e s i d u a l  
s t r c , s s e s  in  mc,tals.  
of r e s i d u a l  s t r e s s  by m e a s u r i n g  the  amount  of e l a s t i c  s t r a i n  that  t akes  
p1ac-c~ du r ing  unloading. 
2 0 2 4  a luni inum al loy at va r ious  t e m p e r a t u r e s .  

In m a n y  c a s e s  a t  l e a s t  

Even  so ,  i t  i s  possible  t o  d e t e r m i n e  the  magni tude  

Tab le  I shows typ ica l  t ens i l e  p r o p e r t i e s  of 
2 

2. Residual Stresses 

Var ious  technica l  t e r m s  have been  used  t o  r e f e r  t o  r e s idua l  
s t r e s s c s ,  j Y 4  such  as  

i n t e r n a l  s t r e s s e s  
in i t ia l  s t . r c s s e s  
i n h e r e n t  s t r e s s e s  
r eac t ion  s t r e s s e s  
locked-  in  s t r e s s e s .  

R c s i d u a l  s t r e s s c s  a l s o  o c c u r  when a body is  subjec ted  to  nonuni form 
t e m p e r a t u r e  change;  t h e s e  s t r e s s e s  a r e  usua l ly  ca l l ed  t h e r m a l  s t r e s s e s .  
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Tab le  I. P r o p e r t i e s  of 2024 Alloy at Var ious  T e m p e r a t u r e s  
(Meta ls  Handbook)2 

T e s t ing 
r e m p e r a t u r e  

( "  F) 

75 
300 
400 
500 
6 00 
700 

T e n s i l e  
S t rength  

(Ps i )  

Yield 
S t rength  

(Ps i )  
I 

Mechanica l  Properties::: 

68 ,000  
45 ,000  
27 ,000  
12,'ooo 
8,000 
5 , 5 0 0  

47 ,000  
36 ,000  
20 ,000  

9 ,000  
6 , 0 0 0  
4 , 0 0 0  

Elongat ion 
, (pe rcen t )  

19 
17  
27 
5 5  
75 

100 

Coefficient of L i n e a r  T h e r m a l  Expans ion ,  a 

TemDera tu re  (" F) 

68 t o  212 
68 to  392 
68 to  572 

a, ( m i c r o  i n c h / i n c h /  O F )  

12.7  
13. 3 
13. 7 

I 

:%Data given above are f o r  b a r e  p roduc t  ( T 4  t e m p e r ) .  Young's 
modu lus  at r o o m  t e m p e r a t u r e  is  10. 8 x l o 6  psi .  
0.33. 

P o i s s o n ' s  r a t i o  is  

a. O c c u r r e n c e  of Res idua l  S t r e s s e s  

Res idua l  s t r e s s e s  in  m e t a l s  and  m e t a l  s t r u c t u r e s  o c c u r  
f o r  ~113ny r e a s o n s .  R e s i d u a l  s t r e s s e s  m-ay he p roduced  as follows: 

in m a n y  m a t e r i a l s  including p l a t e s ,  b a r s ,  and s e c t i o n s  
during roll ing,  cas t ing ,  forg ing ,  e tc .  

du r ing  f o r m i n g  and shap ing  of m e t a l  p a r t s  by s u c h  
p r o c e s s e s  as s h e a r i n g ,  bending, mach in ing ,  and  gr inding 

d u r i n g  fabr ica t ion ,  s u c h  as d u r i n g  welding. 



* Heat  t r e a t m e n t s  at va r ious  s t ages  c a n  a l s o  influence r e s idua l  
s t r e s s e s .  
s t r e s s -  re l iev ing  hea t  t r e a t m e n t s  reduce r e s idua l  s t r e s s e s .  

F o r  example ,  quenching p roduces  r e s idua l  s t r e s s e s  while 

Res idua l  s t r e s s e s  a r e  c lass i f ied  on the b a s i s  of the m e c h a n i s m s  
which produce them,  being those  produced by s t r u c t u r a l  m i s m a t c h i n g  
and those  produced by uneven d is t r ibu t ion  of e l a s t i c  s t r a i n s ,  including 
p las t ic  and t h e r m a l  s t r a i n s .  

b. Residual  S t r e s s e s  P r o d u c e d  by M i s m a i c h  

F i g u r e  4 shows a s imple  c a s e  in which r e s idua l  s t r e s s e s  
a r e  produced when b a r s  of different  length  a r e  fo rc ib ly  connected. 
Tens i l e  s t r e s s e s  a r e  produced in  the s h o r t e r  b a r ,  '2, and c o m p r e s s i v e  
s t r e s s e s  a r e  produced in  the longer  b a r s  P and PI.. 

(a )  Fro0 Stat .  ( b )  Strorrod S t a t 0  

F i g u r e  4. Residual  S t r e s s e s  P r o d u c e d  -When B a r s  With 
Diff e r e n t  Length a r e  Fo r cibly Connected 
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F i g u r e  5 shows how a hea t ing-and-cool ing  cyc le  c a u s e s  m i s m a t c h  
I l l u s t r a t e d  is the c a s e  i n  which t h r e e .  r e su l t i ng  i n  r e s idua l  s t r e s s e s .  

2024 alloy b a r s  of equal  length and sec t iona l  a r e a  a r e  connected by two 
r igid blocks a t  the ends  and the middle  b a r  i s  hea ted  to 5 0 0 ° F  and then 
cooled to room t e m p e r a t u r e  while the s ide  b a r s  a r e  kept  a t  the room 
t e m p e r a t u r e .  
re la t ionship  of the middle  b a r  (de t a i l s  of the ca lcu la t ion  m a d e  by the 
au tho r  a r e  given in  P a r a g r a p h  2 of the Appendix).:: When the midd le  
bar  i s  hea ted ,  c o m p r e s s i v e  s t r e s s e s  o c c u r  i n  i t ,  s ince  i t s  expans ion  
i s  r e s t r a i n e d  by the s ide  b a r s  which a r e  kept  a t  r o o m  t e m p e r a t u r e .  
As the t e m p e r a t u r e  of the midd le  b a r  i n c r e a s e s ,  the s t r e s s  i n  i t  changes  
a s  shown by l ine AB.  
the t e m p e r a t u r e  i s  approx ima te ly  2 3 0 " F ,  a s  ind ica ted  by point B. 
Beyond point B, a s  the t e m p e r a t u r e  r i s e s ,  the s t r e s s  i n  the midd le  
b a r  i s  l imi ted  tc, the yield s t r e s s  a t  e a c h  co r re spond ing  t e m p e r a t u r e ,  
a s  shown by c u r v e  BC. 
on cooling, the ac t ion  in the midd le  b a r  i s  e l a s t i c  again.  
p r e s s i v e  s t r e s s  in the midd le  b a r  d r o p s  rapidly,  changes  to tens ion ,  
and soon r e a c h e s  the yield s t r e s s  i n  tens ion ,  a s  ind ica ted  by point D. 
Then,  a s  the t e m p e r a t u r e  d e c r e a s e s  f u r t h e r ,  once m o r e  the s t r e s s  in  
the middle  b a r  i s  l imi ted  to the yield s t r e s s  a t  each  c o r r e s p o n d i n g  
t e m p e r a t u r e ,  a s  shown by c u r v e  DE. Thus ,  a r e s i d u a l  t e n s i l e  s t r e s s  
equal  to the yield s t r e s s  a t  room t e m p e r a t u r e  i s  s e t  up in the midd le  
b a r .  The r e s i d u a l  s t r e s s e s  in  the s ide  b a r s  a r e  c o m p r e s s i v e  s t r e s s e s  
and equal to one-half  of the t e n s i l e  s t r e s s  i n  the middle  b a r  ( b e c a u s e  
the two s ide b a r s  a r e  r e s i s t i n g  the d e f o r m a t i o n  of the one midd le  b a r ) .  
L ine  B'E ind ica t e s  that  r e s i d u a l  s t r e s s  of the s a m e  magni tude ,  which 
is e q u a l  to the yield s t r e s s  a t  room t e m p e r a t u r e ,  wil l  be produced  by 
heat ing the middle  b a r  a t  any t e m p e r a t u r e  exceeding 3 4 0 ° F .  

The d i a g r a m  shows the t e m p e r a t u r e  v e r s u s  s t r e s s  

The yield s t r e s s  in c o m p r e s s i o n  i s  r eached  when 

When the t e m p e r a t u r e  d e c r e a s e s  below 5 0 0 ° F  
The com-  

c.  Res idua l  S t r e s s e s  P r o d u c e d  by Unevenly Di s t r ibu ted  
Nonelas t ic  S t r a i n s  

When a m a t e r i a l  i s  h e a t e d  un i fo rmly ,  i t  expands uni formly  
O n  the o t h e r  hand ,  when a m e t a l  i s  and no t h e r m a l  s t r e s s  is produced .  

hea ted  unevenly, t h e r m a l  s t r e s s c s  a r e  produced.  R e s i d u a l  s t r e s s e s  
a l s o  a r e  produced  when unevenly d i s t r i b u t e d  none la s t i c  s t r a i n s  s u c h  a s  

:::Wilson and Hao' ca lcu la ted  the t e m p e r a t u r e  v e r s u s  s t r e s s  r e l a t ion -  
sh ip  f o r  l ow-ca rbon  s tee l .  
P a r a g r a p h  2 of the Appendix).  

It was  a s s u m e d  that  As = A, ( r e f e r  to 
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plas t ic  s t r a i n s  ex is t .  
a two-dimens iona l  (plane s t r e s s ,  uz = 0)  r e s i d u a l - s t r e s s  field:>k4 

The  following a r e  fundamenta l  re la t ionships  f o r  

S t r a ins  a r e  composed  of e l a s t i c  s t r a i n  and nonelast ic  
s t r a in :  

w h e r e  

€ E  a r e  components  of the total  s t r a i n  x ,  y' yxy 

y x y  a r e  components  of the e l a s t i c  s t r a i n  

1 I € 1  1 I a r e  components  of the nonelast ic  s t r a i n .  EX' y '  yxy 

The  nonelast ic  s t r a i n  can  be p las t ic  s t r a i n ,  t h e r m a l  s t r a i n ,  e tc .  :$:: 

A Hooke 's  law re la t ionship  e x i s t s  between s t r e s s  
and e las t ic  s t r a i n  ( r e f e r  t o  Equat ion  ( 3 ) ) :  

* S t r e s s e s  in  a plate with u n i f o r m  th i ckness  a r e  c o m m o n  c a s e s  of 
the p l a n e - s t r e s s  field.  
a r e  m o r e  complex  f o r  the t h r e e - d i m e n s i o n a l - s t r e s s  field.  

In th i s  c a s e ,  uz = T~~ - - T~~ = 0. Equat ions  

*::In the c a s e  of t h e r m a l  s t r e s s :  

a is the coeff ic ient  of l i n e a r  t h e r m a l  expans ion ,  and 
AT is the change of t e m p e r a t u r e  f r o m  the in i t i a l  t e m p e r a t u r e .  



The s t r e s s  m u s t  sat isfy the equ i l ib r ium condition: 

Y ac a T  

ax aY 
t - = O ,  XY 

(7)  

The  to ta l  s t r a i n  m u s t  sa t i s fy  the condition of com-  
1 patibil i ty:  

The  above equat ions indicate  that r e s idua l  s t r e s s e s  e x i s t  when 
the value of R ,  which is  d e t e r m i n e d  by the nonelast ic  s t r a i n  a s  follows, 
is not zero:::: 

R c a n  be cons ide red  a s  the c a u s e  of r e s idua l  s t r e s s e s . 6  Moriguchi7 
ca l led  R "incompatibil i ty.  ' I  

Many inves t iga to r s  have  m a d e  m a t h e m a t i c a l  a n a l y s e s  of r e s idua l  
S e v e r a l  equations have  been  p roposed  to ca lcu la te  s t r e s s e s .  3 9  4* 6' 7' 

uy,  and T s t r e s s  components  rx, 
E '  I, a n d y "  4 , 7  Impor t an t  findings obtained f r o m  these  m a t h e -  Y XY' 

m a t i c a l  a n a l y s e s  with r e g a r d  to the m e a s u r e m e n t  of r e s idua l  s t r e s s e s  
a r e :  

f o r  given va lues  of nonelast ic  s t r a i n  
XY 

E;!, 

Res idua l  s t r e s s e s  in  a body cannot be d e t e r m i n e d  by m e a s u r -  
ing the s t r e s s  change that  t akes  place when ex te rna l  load i s  applied 
t o  the body. 
s t r e s s e s .  ) 

( B e c a u s e  of t h i s ,  the body i s  cut  to d e t e r m i n e  r e s idua l  

:gR = 0, consequent ly  r e s idua l  s t r e s s  will  not o c c u r  when the 
none la s t i c -  s t r a i n  componen t s  a r e  l inear  funct ions of the posit ion: 

E;' = a t bx t dy, E" = e t fx t gy, y k i  = k t I x  t my.  
Y 
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u y ,  and T Residual  s t r e s s e s  ux , c a n  be ca l cu la t ed  f r o m  
and y 1  

Y' XY 

XY 
Equat ion  (6) when e l a s t i c -  s t r a i n  components  €4, E 1 

determined .  
yk t ,  which have  caused  r e s i d u a l  s t r e s s e s ,  cannot  be d e t e r m i n e d  
the o r e t  i c ally . 

a r e  

Y However ,  components  of nonelas t ic  s t r a i n  €&I ,  E' I ,  and 

d. Equ i l ib r ium Condition of Res idua l  S t r e s s e s  

Since r e s i d u a l  s t r e s s e s  e x i s t  without e x t e r n a l  f o r c e s ,  
the resu l tan t  f o r c e  and the  r e su l t an t  m o m e n t  produced  by the r e s i d u a l  
s t r e s s e s  m u s t  vanish:  

and 

u. dA = 0 on any plane sect ion,  I 
dM = 0. I 

It is  ve ry  h i p o r t a n t  to  check  whether  r e s i d u a l - s t r e s s  da t a  d e t e r -  
mined  i n  any expe r imen t  sa t i s fy  the above condi t ions.  

e. Macroscop ic  and Mic roscou ic  R e s i d u a l  S t r e s s e s  

A r e a s  i n  which r e s i d u a l  s t r e s s e s  ex i s t  v a r y  g r e a t l y  f r o m  
a l a r g e  port ion of a m e t a l  s t r u c t u r e  down to a r e a s  on the a tomic  s c a l e .  
F i g u r e  6 shows m a c r o s c o p i c  r e s i d u a l  s t r e s s e s  on v a r i o u s  s c a l e s .  F o r  
example ,  when a s t r u c t u r e  is hea ted  by s o l a r  r ad ia t ion  f r o m  one s ide ,  
t h e r m a l  d i s to r t ions  and t h e r m a l  s t r e s s e s  a r e  produced  i n  the s t r u c t u r e ,  
a s  shown in F i g u r e  6 (a ) .  F i g u r e  6(b) shows r e s i d u a l  s t r e s s e s  by weld-  
ing res idua l  s t r e s s e s  and d i s t r ibu ted  i n  a r e a s  n e a r  the weld.  F i g u r e  
6(c)  shows r e s i d u a l  s t r e s s e s  produced  by gr inding;  r e s i d u a l  s t r e s s e s  
a r e  highly loca l ized  in  a thin l a y e r  n e a r  the s u r f a c e .  

Res idua l  s t r e s s e s  a l s o  o c c u r  on a m i c r o s c o p i c  s c a l e .  F o r  e x a m p l e ,  
r e s idua l  s t r e s s e s  a r e  produced  i n  a r e a s  n e a i  m a r t e n s i t i c  s t r u c t u r e s  in  
s t e e l  s ince  the m a r t e n s i t e  t r a n s f o r m a t i o n  that  t a k e s  p l ace  a t  r e l a t ive ly  
low t e m p e r a t u r e s  r e s u l t s  in the expans ion  of the m e t a l .  
s t r e s s e s  on the a tomic  s c a l e  e x i s t  i n  a r e a s  n e a r  d i s loca t ions .  

Res idua l  

Th i s  r epor t  i s  conce rned  p r i m a r i l y  with m i c r o s c o p i c  r e s i d u a l  
s t r e s s e s .  



(a )  Thermal Distortion in a 
Structure Due to Heating 
by Solar Radiation 

( b )  Residual Stresses Due to  
Welding 

Grinding Whee I 

- n 

I 
( c )  Residual Stresses Due to 

Grinding 

F i g u r e  6. Macroscop ic  Res idua l  Stresses on Var ious  S c a l e s  
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Section 111. REVIEW OF METHODS OF MEASURING RESIDUAL STRESSES 

This  sec t ion  rev iews  va r ious  me thods  of m e a s u r i n g  r e s idua l  
T h e s e  me thods  10; 1 1 , 1 2 1  13 s t r e s s e s  in  m e t a l s  and m e t a l  s t r u c t u r e s .  

can  be c lass i f ied  into the following four  groups  accord ing  to the 
pr inc ip les  on which these  m e t h o d s  a r e  based:  

me thods  in  which r e s idua l  s t r e s s k s  a r e  d e t e r m i n e d  by m e a s u r -  
ing e l a s t i c - s t r a i n  r e l e a s e  that t akes  place when r e s i d u a l  s t r e s s e s  a r e  
re laxed  by cut t ing the s p e c i m e n  into p i eces  o r  by removing  a piece 
f r o m  the spec imen:  the s t r e s s -  re laxa t ion  techniques 

me thods  i n  which e l a s t i c  s t r a i n s  a r e  d e t e r m i n e d  by m e a s u r -  
ing the la t t ice  p a r a m e t e r  of the s F e c i m e n  

me thods  i n  which r e s i d u a l  s t r e s s e s  are  de te rmined  by m e a s u r -  
ing s t r e s s  s ens i t i ve  p r o p e r t i e s  such  as u l t r a son ic  a t tenuat ion 

me thods  i n  which r e s idua l  s t r e s s e s  a r e  d e t e r m i n e d  by obse rv -  
ing c r a c k s  produced in  the s p e c i m e n  by r e s idua l  s t r e s s e s .  

S t r e s s -  re laxa t ion  techniques,  which  have  been  widely used  fo r  
m e a s u r i n g  r e s idua l  s t r e s s e s ,  will be c o v e r e d  in  t h r e e  p a r t s  as follows: 

pr inc ip les  of s t r e s s -  r e l axa t ion  techniques f o r  m e a s u r i n g  
r e s idua l  s t r e  s s e s 

m e t h o d s  f o r  m e a s u r i n g  s t r a i n s  

va r ious  me thods  of m e a s u r i n g  r e s i d u a l  s t r e s s e s  based  on 
s t r e s s -  re laxa t ion  techniques.  

Discuss ions  wil l  then be conducted on m e t h o d s  of m e a s u r i n g  
r e s idua l  s t r e s s e s  o the r  than  stress- r e l axa t ion  techniques.  

1 .  Principles of %ress-Relaxotion Techniques for Mhasuring Residual h r O 8 8 O S  

S t r e s s -  re laxa t ion  techniques are  b a s e d  on the f a c t  tha t  s t r a i n s  
that develop dur ing  the s t r e s s  r e l axa t ion  are  e l a s t i c  even  when the 
m a t e r i a l  has undergone p l a s t i c  de fo rma t ion ,  as shown i n  F i g u r e  3. 

a. Comple te  S t r e s s - R e l a x a t i o n  Technique Applied to a P l a t e  

Res idua l  s t r e s s e s  in  a p la te  c a n  be d e t e r m i n e d  by m e a s u r -  

Suppose tha t  a small p i ece  of m e t a l  su r round ing  the 
ing the s t r a i n  change that  t a k e s  p lace  i n  a small p iece  when i t  is r e m o v e d  
from the  plate. 
point of i n t e r e s t  is r emoved  with a t r e p a n  saw,  as shown in  F i g u r e  7, 



Stra in  Remove by Trepanning 

r 

F i g u r e  7. Comple t e  S t r e s s - R e l a x a t i o n  Technique 
AFplied t o  a P l a t e  
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and the s t r a i n s  due  to  the s t r e s s y r e l a x a t i o n  p r o c e s s ,  T T 
a r e  m e a s u r e d  by e l e c t r i c  s t r a i n  gages .  
i t  c a n  be  a s s u m e d  tha t  r e s idua l  s t r e s s e s  no longe r  e x i s t  in  the  p iece  
a f t e r  r emova l ;  then,  the  following holds  good: 

and y 
x’ y’  XY’ If the  p iece  is  s m a l l  enough, 

e t  and y l  a r e  e l a s t i c - s t r a i n  components  of the  r e s idua l  “ Y  w h c r e ,  E;, 

s t r e s s .  The m i n u s  s igns  in  Equat ion  (12)  ind ica t e  tha t ,  when t ens i l e  
r e s idua l  s t r e s s  e x i s t s ,  sh r inkage  (not  e longat ion)  t a k e s  p lace  du r ing  
s t r e s s -  re laxat ion.  Then  r e s i d u a l  s t r e s s e s  a r e  

Y’  . 

(7, t u Fy) 
E 

1 - v z  ux t - -- 

u + - -  (TY t v o x )  Y l - u 2  

It is advisable  to m a k e  s t r a i n  m e a s u r e m e n t s  on both s u r f a c e s  of 
the p l a t e ,  because  t h e r e  may be r e s i d u a l  s t r e s s e s  c a u s e d  by bending. 
The  m e a n  value of s t r a i n s  m e a s u r e d  on both s u r f a c e s  r e p r e s e n t s  the 
plane-  s t r e s s  component ,  while  the  d i f f e rence  be tween the  s t r a i n s  on 
both s u r f a c e s  r e p r e s e n t s  the s t r e s s  component  c a u s e d  by bending. 

b. De te rmina t ion  of Res idua l  S t r e s s  bv P a r t i a l  S t r c s s -  
Relaxa t ion  Technique  

When a s m a l l  c i r c u l a r  ho le  is d r i l l e d  i n  a p l a t e  containing 
r e s i d u a l  s t r e s s e s ,  r e s i d u a l  s t r e s s e s  in  a r e a s  ou t s ide  the  hole  a r e  
r e l axed  par t ia l ly .  
ex i s t ed  i n  the d r i l l e d  a r e a  by m e a s u r i n g  s t r e s s  r e l axa t ion  in  a r e a s  
outs ide  the d r i l l e d  hole.  
w a s  f i r s t  p roposed  and used  by Mathar14 and w a s  l a t e r  deve loped  by 
Soete ,  Suppiger ,  e t  a l .  

It i s  poss ib l e  t o  d e t e r m i n e  r e s i d u a l  s t r e s s e s  that  

T h e  hole  me thod  of m e a s u r i n g  r e s i d u a l  s t r e s s  

15  16 

F o r  a n  i l l u s t r a t ion  of how the  technique i s  u s e d ,  suppose  that  the  
components  of r e s i d u a l  s t r e s s  a t  point 0 are  uxo,  u y o ,  and T ~ ~ ~ .  

the  comfionents of r e s i d u a l  s t r e s s  a long the  p e r i p h e r y  of a small 
c i r c l e  sur rounding  point 0 a r e  given b y  Equa t ion  (14). 
and P a r a g r a p h  3 of Appendix. 

Then  

See  F i g u r e  8 ( a )  



C O S  28 - - 1 (uxo - u ) s in  28 , 2 YO T r e o  = T ~ y o  

wh- 1 3  

u r o  = the r e s idua l  component 

reo = the tangent ia l  component 

-rreo = the s h e a r i n g  component of r e s i d u a l  s t r e s s  a long the 
p e r i p h e r y  at a n  angle  8. 

In  Equat ion (14) ,  i t  i s  a s s u m e d  that r e s i d u a l  s t r e s s e s  a r e  uni form i n  
the a r e a  in s ide  the s m a l l  c i r c l e .  

The  next s t e p  i s  to ca lcu la te  the s t r a i n  change that  wi l l  take p lace  
i n  a r e a s  outs ide the s m a l l  c i r c l e ,  rad ius  a ,  when the m a t e r i a l  i n s ide  
the c i r c l e  i s  r emoved ,  e. g . ,  by dril l ing.  The i m p o r t a n t  fac t  about the 
s t r a i n  change i s  that  the c i r c l e  will become s t r e s s  f r e e ;  i n  o the r  w o r d s ,  
u ro  and Tree will  vanish.  
s t r e s s - r e l a x a t i o n  p r o c e s s  i s  the s a m e  a s  the s t r a i n  caused  i n  a plate 
with a hole (but  no r e s i d u a l  s t r e s s )  by applying s t r e s s e s  -rro and - T ~ ~ ~  

to the edge of the hole. 

T h e r e f o r e ,  the s t r a i n  change dur ing  the 

= 0 ;  
Then, uro = u0 and T~~~ = 0. 

- 

X Y O  
To s impl i fy  d i s c u s s i o n ,  a s s u m e  that  uxo = ryo - uo and T 

o r  r e s i d u a l  s t r e s s e s  a r e  biaxially tensile.  
The s t r a i n  r e l e a s e  which t akes  place a t  point P ( r ,  e )  when a hole  
( r a d i u s  a)  i s  d r i l l e d  a round point 0 i s  given in Equat ion (15)  and shown 
i n  F i g u r e  8(b) :  

w h e r e  Fr, To, and T r e  a r e  components of the s t r a i n  r e l e a s e .  

When r e s idua l  tens i le  s t r e s s e s  e x i s t  i n  a r e a s  a round point 0, the 
s t r a i n  change in the r a d i a l  d i rec t ion  Fr will be shr inking  f r o m  the 
s t r e t c h e d  s ta te .  Eduat ion (15) ind ica tes  that  if va lues  of a and r a r e  
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known and Fr o r  TQ is  m e a s u r e d ,  i t  is poss ib l e  to  d e t e r m i n e  the  amount  
of the r e s idua l  s t r e s s ,  uo .  

In the c a s e  of a g e n e r a l  s t r e s s  f ie ld  in  which t h r e e  components ,  
e x i s t ,  the  s t r a i n  r e l e a s e  that  t a k e s  p lace  a round  0-xo2 0- yo, and T 

the d r i l l ed  hole  is  m o r e  complex  than that  g iven  in Equat ion  (15) .  A 
c o m m o n  way to  d e t e r m i n e  s t r e s s e s  is  to p lace  s t r a i n  gages  in  a s t a r  
f o r m ,  at 120 d e g r e e s  from e a c h  o the r ,  as shown i n  F i g u r e  8 (c ) .  T h e  
magni tudes  and d i r e c t i o n s  of the  p r inc ipa l  s t r e s s e s  a r e  d e t e r m i n e d  
a s  follows: 

X Y O  

16,  17 

6 
t an  2+ = 7 , 

€ r l  - ". 

w h e r e  

0-1 and u 2  = the  magn i tudes  of p r inc ipa l  s t r e s s e s  

+ = the angle  between the  No. 
of the  a l - p r i n c i p a l  s t r e s s  

1 gage  and the  d i r e c t i o n  

r 
X = - = thc  r a t i o  of the  d i s t a n c e  of the  m e a s u r i n g  points  

a 
f r o m  the  c e n t e r  of the  hole ,  r ,  and the r a d i u s  of 
hole ,  a. ' 

h 

p2(X)  = 4 X 2  - 3 ( 1  t U )  

( i 6') 

where  Trl, Tr2, and Tr3 = r a d i a l  s t r a i n s  m e a s u r e d  on No. 1, No. 2 ,  
and No.  3 s t r a i n  gages ,  r e spec t ive ly .  

2 0  



Y 

Radial and Tangential 
Residual Stress, Qro and 
~ 8 0  , Along the Periphery 
of  a Small Circle Surrounding 
Point 0 

No. 3 

1.0 - 

0.5 - 

( b )  Distribution of  Zr and 
Z 8  for uxo = uyo = u,, , 
=xyo = 0 

Gage No.2 

(c)  120-Degree Star  Arrangement 
of S t ra in  Gages 

F i g u r e  8. T h e  Mathar  Method of Measur ing  Res idua l  S t r e s s e s  
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. ’  

c .  Det.crniination of Res idua l  S t r e s s e s  i n  Sol ids  --- 

A comple t e  s t r e s s -  re laxa t ion  technique s u c h  a s  sho\\.n in  
Fisurc ,  7 is  not f cas ib l c  in  the  d e t e r m i n a t i o n  of r e s i d u a l  s t r c s s c > s  in a 
t h r e ~ ~ ~ - d i ~ i i ( ~ n s i o n a l  body becausrl a s m a l l  piclcc. n ius t  bc tak(.n froni thv 
intc,ric)r of t h c  body, while s t r a i n  nicasurc. .ments can  be, niadc, o n l y  on 
thc  surfacr.  of thc, body. Conscqucmtly, a l l  t echniyucs  f o r  n i ( ,asur ing  
rcs idua l  s t r e s s c s  in tliri,c,-diIii(.nsional so l id s  a r c  pa r t i a l  s t r e s s -  
r (, 1 ;i \ at  i o n  t (, c h n i cl 
a s  fo l lu \ \~s :  

‘ 

s r c , q  u i  r ing  c onip 1 c s e x  pe r i m  e nta  1 p r o c  e d u r e s s u c  t i  

s t r a in  c1iangc.s a r e  nictasured whc.n po r t ions  of thc, 
s p c> c in i  c n a r e  r e  niov c d  s uc c c, s s i  v (, 1 y . 

‘skin -7 71 dAl. 

N o w  thcx f o r c v  in  the  c o r c  wh ich . i s  r e l e a s e d ,  Fcorc,, is  



. \vhclrc dC.1 i s  t hc  s t r a i n  r c l c ~ a s ~  (cxpansion pc'r unit lc,ngth) of thc  cor( ' .  
They two forcc,s  m u s t  b c  equal; thc,rr,forc., t h e  rvs idua l  s t r e s s  which 
(%<istcd in the s k i n ,  0 1 ,  c a n  bc> dc tv rminvd  b y  

- ~ 

( a )  Original State 

1' -' 

:% 
( b )  Core Expanded by 

the Removal of 
Outer Skin 

F i g u r v  9 .  Spr ing  Analogy of Baucr- t I c , y n ' s  McTthod of 
Dc~tc~rti i ining Longitudinal Res idua l  Strc ,ss  

i n  a Cy l inde r  



Equation (17) s a t i s f i e s  the condition when the  r e s i d u a l  s t r e s s  
p a t t e r n  is  of the c a s e  and c o r e  type exemplif ied i n  F i g u r e  lO(a). 
o r d e r  t o  de t e rmine  r e s i d u a l - s t r e s s  pa t t e rns  as shown i n  F i g u r e  10(b) ,  
i t  is n e c e s s a r y  to r e m o v e  thin l a y e r s  f r o m  the cy l inder  i n  a suff ic ient  ' 
number  of s t e p s  and to m e a s u r e  the length of the r ema in ing  port ion.  
The  s t r e s s  which ex is ted  in  the n- th  l a y e r  is  given by 

In 

where  
An  = the  sec t iona l  a r e a  a f t e r  the  r e m o v a l  of the  n- th  l a y e r  

dAn = the a r e a  of the n- th  l a y e r  

dei = the  s t r a i n  change due to the r e m o v a l  of the i - t h  l a y e r  
( i  = 1, 2 ,  3 ,  ..... , 4. 

0 a r 
Q 
E 
0 
0 

Rod Diameter 

( a  1 Constant -S t ress  
Case and Core 

TY P. 

Rod Diameter 

(b)  Variable Stress 

Type 

Figure  10. Longitudinal Res idua l  S t r e s s e s  i n  Cy l inde r s  



2. Methods for Measuring Strains 

i ’ a r i o u s  iiicxthods f o r  imc,asiiring s t r a i n  ha\.( ,  bc,txn usc,d f o r  
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a. Bonded St ra in-Gage  TechniqueL2’ - 2 3 y  L4 

In t h c  rcxsistance- type bonded s t r a i n - g a g e  t echn iques ,  
gages  a r e  bonded on the t e s t  spec imen.  
the r e s i s t a n c e  of the  gages  changes ,  and the magnitude of s t r a i n  i s  
d e t e r m i n e d  by m e a s u r i n g  the r e s i s t a n c e  changc,. 
r e s i s t a n c e  s t r a i n  gages  a r e  m a d e  f r o m  e i t h e r  mc,tallic mrirc o r  foil  
m a t e r i a l s .  
A v a r i e t y  of s i z e s ,  s h a p e s ,  and configurat ions arc. availablc, including 
s ing le -  e l emen t  g a g e s  and r o s e t t e s  with two, t h r e e ,  o r  f o u r  e l e m e n t s .  
Table  I1 i l l u s t r a t e s  v a r i o u s  types  of s t r a i n  gages.  

As the s p e c i m e n  i s  s t r a i n e d ,  

Most  b0ndt.d c.1c.ctrical- 

T h e r e  a r e  a l s o  the  recent ly  developed semiconduc to r  gag:c’s. 

(1)  Wire  Gages ,  F o i l  Gages ,  and Semiconductor  Gages.  
- 

Wire g a g e s  lvcre  the  f i r s t  to  become c o m m e r c i a l l y  ava i l ab lc .  Wirc  
m a t e r i a l s  commonly  used include constantan,  n ichronie  V ,  and iso- 
e l a s t i c .  Wi re  g a g e s  a r e  m a d e  in three .  g e n e r a l  fo rms :  f la t -wound,  
h e  1 ix  - \v ound , and s i ng 1 e - f i l a m e  nt. 
a r e  widely used.  
aFprox ima te ly  6 i n c h e s  to  l2 inch, and a r e  backcd with paper  o r  
phenolic m a t e r i a l .  Helix-wound gages a r e  m a d e  in s i z e s  f r o m  l2 inch 
down to inch. S ingle- f i lament  gages ,  ava i l ab le  i n  s e v e r a l  s i z e s  
up to  approx ima te ly  8 i n c h e s ,  a r e  suited f o r  h igh - t empera tu re  app l i ca -  
t i ons .  

F la t- wound and h P li x - wo und gag c’ s 
Flat-wound g a g e s  a r e  manufac tu rcd  in size-s i r o n )  

1 

1 

F o i l  gages  a r e  a m o r e  reccxnt devc,loFment. They arc’ manufac tu rcd  
in a g r i d  configurat ion from nicitallic fo i l  between 0. 001-itich and  
0. 0001-inch thick,  and a r e  usual ly  backed by p a p e r ,  e p o x y ,  o r  phcnolic 
m a t e r i a l s .  
f e a t u r e s ,  a s  follows: 

When comFarc,d with w i r e  gages ,  f o i l  gages  havci escc.ll:c,nt 
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Table 11. Various T y p e s  of Bondcd S t r a i n  Cages  (Cri t t , s )2L 

WIRE 
GAGES 

,I 
M O N O  F I1 A M E N  1 - 

FLAT-WOUNO 

90' -ROSETTE 

HELIX-WOUNO f R E E . f l L A M E N T  

WELDABLE. S I N G L E - W I R E  45°.ROSETTE 

SEMICONDUCTOR 
GAGES 

HIGH E L O N G A T I O N  
U-SHAPED 

Single- s t rand 

F 1 a t  - wound 

Helix- wound 

F r e  e - fi lament 

Monofilament 

90 O -  Roset te  

60" -Roset te  

45"  -Roset te  

Weldable 

Rectangular- gric 

Rectangular- gric 

Weldable 

90"  -Roset te  

120" -Rosette I 

45" -Roset te  

Dual- e lement  

High elongation 

Single- e lement  

U- shaped 

3ual- element 



std. ) 

high- t e m 

.age Length 
ange (in. ) 

0 . 0 5  to - 0 .  

0 .  16 

0. 16 

Gage Backing 

P a p e r ,  bakelite 

P a p e r ,  epoxy, polyester, bakelite 

'aper ,  bakelite 

Tone 

I e r a m i c  coating 

?aper 

?aper , bakelite 

Paper,  bakelite 

Stainless s t ee l  

Paper,  epoxy 

Bakelite, str ippable 

Stainless 

Epoxy, bakelite 

EPOXY 

Bakelite, epoxy 

Bakelite, s t  rippable 

EPOXY 
I 

Epoxy,  mica ,  etc. 

High tempera ture ,  none 

Selected 



il Applications 

General  purpose,  dynamic 

Elevated tempera ture  

Elevated tempera ture ,  easy  installation 

Biaxial s t r a ins ,  principal s t ra ins  known 

Biaxial s t r a ins ,  principal s t ra ins  

Biaxial s t r a ins ,  principal s t ra ins  

High- 1 . o ~  tempera ture  compensation 

Tensile t e s t s  o r  high elongation conditions 
I 

Narrow widths, wrap  around 

General  purpose,  static,  dynamic 

Limited space,  s ta t ic  dynamic 

High tempera ture  

High tempera ture  

Biaxial s t ra in ,  principal,  s t ra ins  known 

Biaxial s t ra in ,  principal, s t ra ins  unknown 

Biaxial s t ra in ,  principal,  s t ra ins  unknown 

Elevated- tempera ture ,  quick installation 

i High sensit ivity,  t ransducers  

1 High sensitivity, t ransducers  
I 

Tempera tu re  compensation, high sensitivity 
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t hey  can  be manufac tu red  to smaller s i z e s  w.ith g r e a t e r  
ac'c u r a c y 

t h e y  c a n  c a r r y  h e a v i e r  c u r r e n t s  because  the i r  genera l ly  
g r e a t e r  su r f ace  a r e a  and thin backing provides  be t t e r  hea t  d i ss ipa t ion  

t h e y  can  be f o r m e d  around s h a r p e r  r a d i i  because  they a r e  
thinne r .  

Semiconductor  gages  a r e  m a d e  of thin c r y s t a l s  of g e r m a n i u m  o r  
s i l i con  and a r e  usual ly  l e s s  than 1/2-inch long. Semiconductor  gages  
a r e  v e r y  sens i t ive  s t r a i n  ind ica to r s ;  however ,  they a l s o  a r e  sens i t ive  
to t e m p e r a t u r e  changes  and are somewhat  expensive.  Semiconductor  
gages  wi l l  undoubtedly become m o r e  popular as manufac tur ing  techniques 
i m p r o v e  and as they become  m o r e  wide ly  known. 

( 2 )  T e m p e r a t u r e  Effects  and T e m p e r a t u r e  Compensat ion.  
A key cons idera t ion  in gage se lec t ion  is the t e m p e r a t u r e  range  in  which 
the gage  m u s t  function. 
the r o o m - t e m p e r a t u r e  r ange ,  m a n y  gages a r e  ava i lab le  f o r  u s e  a t  
e x t r e m e l y  low and high t e m p e r a t u r e s ,  as follows: 

Although the l a r g e s t  s e l ec t ion  is  ava i lab le  i n  

paper -backed  gages f o r  t e m p e r a t u r e s  ranging 
f r o m  cryogenic  to  about 1 7 5 ° F  

epoxy-backed gages f r o m  - 4 0 0 ° F  to 2 5 0 ° F  

phenolic- o r  bakel i te-backed g a g e s  f r o m  cryogenic  
t e m p e r a t u r e  to 3 5 0 ° F  

phenolic- backed o r  epoxy- backed gages  r e in fo rced  
with g l a s s  f i b e r  f o r  t e m p e r a t u r e s  f r o m  cryogenic  to  450°F .  

W i t h  e a c h  gage,  appropr i a t e  c e m e n t s  m u s t  be used.  F o r  appl icat ions 
above 5 0 0 " F ,  no backing m a t e r i a l s  a r e  employed  except  with weldable- 
YPe gages .  

Changes  in  t e m p e r a t u r e  tend t o  cause  a n  appa ren t  s t r a i n ;  t h e r e -  
f o r e ,  s o m e  type of t e m p e r a t u r e  compensat ion is  needed. F requen t ly ,  
a " d u m m y  gage, which is  not subjected to the s t r a i n ,  i s  exposed t o  
the  same t e m p e r a t u r e  as the ac tua l  gage to  provide a b a s i s  f o r  com-  
pa r i son .  A t e m p e r a t u r e - c o m p e n s a t e d  gage c a n  a l s o  be used. 
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( 3 )  Gage Bonding. Gages  m u s t  be bonded s e c u r e l y  to  the 
V a r i o u s  types of organic  c e m e n t s  a r e  u s e d  widely f o r  appli-  spec imen .  

cat ions up to 5 0 0 ° F .  C e r a m i c  c e m e n t s  a r e  used  f o r  h i g h - t e m p e r a t u r e  
applications.  
F igu re  11 shows t e m p e r a t u r e  r a n g e s  f o r  commonly  used  s t r a i n - g a g e  
.ements .  

G a g e s  a r e  s o m e t i m e s  s p o t  welded to the spec imen .  

DoKhotinsky 

DUCO, SR-4 

Eastman 910 

Epoxy EPY - I50 

Armstrong C-2  

Ba kr l ik 

GA-50;  EPY-400; 
Mi thra  200 

R X - I  

A-PI; PBX; 
Boan typo H 

0 200 400 600 800 1000 
Tomporaturr ' F 

F i g u r e  11. T e m p e r a t u r e  Ranges  f o r  S t r a i n - G a g e  C e m e n t s  



Organ ic  c e m e n t s  in  c u r r e n t  u s e  a r e  n i t roce l lu lose ,  phenol ic ,  
epp ry ,  cyanoac ry la t e ,  and she l l ac .  Ni t roce l lu lose  c e m e n t s ,  which 
w e r e  the f i r s t  c e m e n t s  employed f o r  s t r a i n - g a g e  appl ica t ions ,  a r e  
used  exc lus ive ly  f o r  pape r -backed  gages and can  not be  employed  
with bake l i te -  and epoxy- backed gages.  
c o m m e r c i a l l y  ava i l ab le  include SR-4  (Baldwin) ,  P o s t -  Yield (Baldwin) ,  
and household Duco (Du Pont ) .  
s a t i s f a c t o r y  r e s u l t s .  However ,  they r e q u i r e  a high cemen t ing  t e m p c r a -  
t u r e  (be tween 200 and 3 0 0 ° F )  and a high c lamping  p r e s s u r e  (not  lc,ss 
than 50 to  75 ps i ) .  

Ni t roce l lu lose  c e m e n t s  

Phenol ic  c e m e n t s  have  long given 

Epoxy c e m e n t s ,  which a r e  used  f o r  bonding cpoxy- and phenol ic-  
backed gages  to the spec imen ,  a r e  noted f o r  t he i r  s t r e n g t h  of bond and 
f o r  t h e i r  ab i l i ty  to  pene t r a t e  s u r f a c e  films to s e c u r e  good adhes ion .  
T h e r e  a r e  two g e n e r a l  types  of epoxy c e m e n t s :  
cu r ing  c e m e n t s  and h e a t - c u r i n g  cemen t s .  
in  12 to 15  h o u r s  a t  7 5 ° F .  
include A r m s t r o n g  C-2 ,  EPY-400  (Baldwin) ,  Mi th ra  200 ( M i t h r a  
Eng inee r ing ) ,  and G A - 5 0  (Budd).  

r o o m - t e m p e r a t u r e  
E P Y -  100 (Baldwin)  c u r e s  

C o m m e r c i a l l y  ava i lab le  h e a t - c u r i n g  c e m e n t s  

One of the  newes t  c e m e n t s  adapted f o r  s t r a i n - g a g e  appl ica t ion  i s  
B e c a u s c  of i t s  a modi f ied  cyanoac ry la t e  c e m e n t  cal led E a s t m a n  910. 

r ap id  se t t i ng  c h a r a c t e r i s t i c s  ( i t  c a n  be r e a d y  within a minu te  o r  s o ) ,  
the c e m e n t  i s  wide ly  used ,  however ;  the  c e m e n t  tends  to be  b r i t t l e  
and is l i m i t z d  to  e longat ion i n  the  o r d e r  of 2 p e r c e n t  a t  r o o m  t c m p v r a -  
t u r e .  

She l lac  c e m e n t s  (de  Khotinsky,  h a r d )  c a n  be employed  with m o s t  
s t r a i n  g a g e s ,  but bonds tend to  c reep .  T h e r e f o r e ,  she l l ac  c e m e n t s  
a r e  not su i tab le  f o r  r e s idua l -  s t r e s s  d e t e r m i n a t i o n s  in  which m e a s u r e -  
m e n t s  m u s t  be m a d e  before  and a f t e r  machin ing .  

T h r e e  types  of c e r a m i c  c e m e n t s  a r c  ava i lab le :  s i l i c a t e  c e m e n t s ,  
phosphate  c e m e n t s ,  and fus ib le  m a t e r i a l s .  X - Y  and RX-1 (both 
Baldwin)  a r e  s i l i ca t e  c e m e n t s .  
c e m e n t s  a r e  phosphate  c e m e n t s ,  which can  be used  u p  to 1 0 0 0 ° F  s t a t i -  
ca l ly  and  even  h i g h e r  dynamica l ly .  C o m m e r c i a l l y  ava i lab le  phosphate, 
c e m e n t s  inc lude  Allen P1, Allen PBY, and Bean  Type H. F u s i b l e  
m a t e r i a l s  a r e  now ava i l ab le  f o r  bonding gages .  A bonding p r o c e s s  
deve loped  by the Nor ton  Company involves sp ray ing  mol t cn  alri ininum 
oxide  (Rokide  A )  and o t h e r  r e f r a c t o r y  m a t e r i a l s  by m e a n s  of a s p c c i a l  
gun. 

The  m o s t  widely employed  cc.ramic 
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Spot wolding s t r a i n  gages  t o  a s t r u c t u r e  i s  a n  i n c r e a s i n g l y  popular  
technique. 
a n a l y s i s .  
s t a g c s  of dc.vc,lopmc.nt. 

The  method provides  quick in s t a l l a t ion  f o r  high- t e m p e r a t u r e  
A number  of weldable  gages  a r e  on the  m a r k e t  o r  i n  l a t e  

(4)  Gagc P ro tcc t ion .  In  m o s t  r e s idua l -  s t r e s s  m c a s u r e -  -- - 
rrivnts, gages must  bc protected f r o m  m e t a l  chips  produced d u r i n g  
machin ing  a s  wt.11 a s  f r o m  t h c ,  oi l  o r  w a t e r  n e c e s s a r y  t o  cool  the spec i -  
mc’n. A nunibcr of s y s t e m s  have  been  d e v i s e d  f o r  p ro tec t ing  g a g e s  
u nd c x  r v a r 1 ou s c ondi t i  ons  . 

Some, coating can  be applied co ld ,  while  o t h e r s  r e q u i r e  hea t .  Cold- 
applied coat ings includc pt.trolclum jc l ly ,  Di- J e l l ,  and  s i l i cone  g r e a s c s .  
Protective coat ing applied with hca t  include m i c r o c r y s t a l l i n e  wasc’s and 
v p u s y  c -oa t ings .  A combinat ion of coa t ings  i s  used  when m o r e  cxtcnsivo 
p ro tec t ion  i s  ntc,dc.d. 

A c-oiiibination coating dr,veloped a t  Bat te l le  h a s  becn  proved  in 
2 2  f i e ld  scrvic(x o n  v a r i o u s  pipv l i n e s  f o r  a number  of y e a r s .  

of niultiplt. coat ings of Glyptal  e n a m e l ,  Neoprene ,  and Pc t roscn r .  wax,  
a s  s h o w n  111 F i g u r e  12. 
w i r ( x s  sold( . rcd.  
l t a d s ,  and su r round ing  a reas  of the t e s t  spec imen .  
d r i e d  at  120 t o  1 8 0 ° F  f o r  approximate ly  1 h o u r .  
c o a t s  of neoprene c e m e n t  a r e  then applied.  
j u s t  bcyond the  p e r i p h e r y  of the  preceding  coa t .  
d r i v d  about hour  a t  1 2 0 ° F .  
o v e r  the  wholc arc’a while the  t e s t  s p e c i m e n  i s  s t i l l  hot. 
t ional mc.chanica1 p ro tec t ion  i s  r e q u i r e d ,  a small m e t a l  sh ie ld  is 
placed over  the  gagc. 

It c o n s i s t s  

Gages  a r c  f i r s t  thoroughly dric.d and the, l ead  
A coat ing of Glyptal  e n a m e l  i s  appl ied to gage ,  gagv 

The  e n a m e l  1s 
F o u r  s u c c c s s i v c  

Al so ,  e a c h  coa t  is 
E a c h  coat is extended 

The  f ina l  c o a t  of P e t r o s e n e  is  appl ied 
When addi-  

( 5 )  S t r a i n  Ind ica to r s .  T o  ob ta in  a c c u r a t e  measu rc ,men t s  
of  s t r a i n  in s t r u c t u r e s  with the  u s e  of e l e c t r i c - r e s i s t a n c e  s t r a i n  gages  
re  cl u i r c, s c a ref u 1 s e 1 e c tion of h i  ghl y s e n s  i t ive  me a s u r ing  in s  t r u m  e 11 t s 
and c i r cu i t ry .  ‘‘ 
r e q u i r e d  in s t r a i n g a g e  equipment  c a n  be obtained by r e f e r r i n g  t o  the  
b a s i c  equation which r e l a t e s  changes  i n  r e s i s t a n c e  t o  changes  i n  s t r a i n  

- --- 

A quick evaluat ion of the  d e g r e e  of sens i t i v i ty  tha t  is 

A L  A R  = ( G F )  x R x- 
L ’  

wh t x  r e 
R = g a g c  r e s i s t a n c e  ( o h m s )  

L - length of conductor  

G F  = gage  f a c t o r ,  e x p e r i m e n t a l l y  d e t e r m i n e d  by the  gagc  
m a n u f a c t u r e r .  



Unprotecfed strain gage cemented to striictrire. Coat of GI! ptal applied to gage, leads and siirroiinding area. 

Four successive coats of Neoprene over Clyptal. Final coat of Petrosene microcrystalline wax. 



F o r  example ,  f o r  m e a s u r e m e n t  of a 1000- ps i  s t r e s s  in  a n  a lumi -  
n u m  m e m b e r ,  equipment  and c i r c u i t r y  sens i t i ve  enough to d e t e c t  a 
change in r e s i s t a n c e  of 0. 024 ohm would be r e q u i r e d .  Th i s  is d e t e r -  
m i n e d  by noting that  Young's modulus  f o r  a l u m i n u m  i s  approx ima te ly  
10 x l o 6  ps i ;  hence,  the s t r a i n  is  0.0001 in. / in .  If the gage f a c t o r  is 
2. 0,  and the gage r e s i s t a n c e  i s  120 ohm,  the sens i t iv i ty  r e q u i r e d  i s  

AR = 2 x 120 x 0 .0001 = 0 . 0 2 4  ohm. 

T o  de tec t  such  small r e s i s t a n c e  changes ,  spec ia l ly  des igned  
i n s t r u m e n t s ,  which a r e  f requent ly  ca l led  s t a t i c -  s t r a i n  ind ica to r s ,  a r e  
used. These  i n s t r u m e n t s  have a bui l t - in  c u r r e n t  s o u r c e ,  balancing 
ga lvanomete r  , gage- f a c t o r  ad jus tmen t ,  balancing re  si s t o r  s ,  and gage 
connections.  
f r o m  a s e r i e s  of gages  on a s p e c i m e n  o r  s t r u c t u r e .  
dynamic  m e a s u r e m e n t  a l s o  a r e  avai lable .  

Switching d e v i c e s  a r e  used  f o r  taking m e a s u r e m e n t s  
R e c o r d e r s  f o r  

b. Techniques  Using E x t e n s o m e t e r s  

Ex tens  o m e t e  r s a r e  s t r a i n -  m e  as u r  ing d e v i c e s  . Mechanica l -  
e l ec t r i ca l ,  and  opt ica l  e x t e n s o m e t e r s  a r e  commonly  used.  '' 
c o m m e r c i a l l y  ava i lab le  e x t e n s o m e t e r s  a r e  p r i m a r i l y  f o r  developing 
s t r e s s - s t r a i n  c u r v e s  du r ing  the m a t e r i a l  tes t ing.  
however ,  c a n  be used  f o r  r e s i d u a l - s t r e s s  m e a s u r e m e n t s .  

Most  

Some of them,  

F i g u r e  13(a)  shows a m e c h a n i c a l  e x t e n s o m e t e r  which h a s  been  
developed by G ~ n n e r t ~ ~  p r i m a r i l y  f o r  m e a s u r i n g  r e s i d u a l  s t r e s s e s  i n  
we ldmen t s .  T h e  l e g s ,  1 and 2 ,  a r e  suppor t ed  a g a i n s t  e a c h  o t h e r  by 
two points, 3. The  adjust ing s c r e w ,  4, i s  t h r e a d e d  in to  l eg  1 and  
the nut, 5, is f ixed t o  l e g  2. 
aga ins t  the gage  pin, 7, of t he  s p e c i a l  i nd ica to r ,  6 ,  invented by 
Abramson.  T h e  ind ica tor  is  fixed to l eg  2 by h o l d e r  8. 
9, 10, and 11 f o r m  a pro tec t ive  c o v e r .  T h e  ad jus t ing  s c r e w ,  4, is 
a c c e s s i b l e  through a hole ,  12. A h o l d e r ,  13, with ba l l s ,  14, is  fixed 
t o  the lower p a r t  of l e g s  1 and  2. T h e s e  b a i l s  are  B r i n e l l  ba l l s  and 
a r e  0. 079 inch  in  d i a m e t e r .  

T h e  flat end of the ad jus t ing  s c r e w  l i e s  

T h e  p a r t s  

In  c a r r y i n g  out s t r a i n  m e a s u r e m e n t s ,  the Gunner t  e x t e n s o m e t e r  
is placed with i t s  ba l l s  i n  conica l  d e p r e s s i o n s  0. 354- inch  a p a r t  on the 
t e s t  spec imen ,  as i l l u s t r a t e d  in F i g u r e  13(b).  
s ions  is  shown in  F i g u r e  13(c) .  
eight d e p r e s s i o n s  a r e  m a d e  along the p e r i p h e r y  of a c i r c l e  0. 177 inch  
in  radius.  
m e a s u r e d ,  the m e a s u r i n g  area is  f r e e d  f r o m  the s u r r o u n d i n g  m a t e r i a l  
by m e a n s  of a c o r e  d r i l l  which  p r o d u c e s  a g roove  a r o u n d  the  m e a s u r i n g  

T h e  s h a p e  of the d e p r e s -  
F o r  m e a s u r i n g  r e s i d u a l  s t r e s s e s ,  

Af te r  the d i s t a n c e s  be tween f o u r  s e t s  of d e p r e s s i o n s  a r e  



I 

( a  1 Extensometer 

60 
+--Degreesy/ 

L-0.0871;1 

( c )  Shape of Gage Holes 

(b)  E..tensometer Balls in 
the Gage Holes 

L 0 . 7 9 ” d  

(d 1 Measuring Surface 

F i g u r e  13. G u n n e r t ‘ s  Method f o r  M e a s u r i n g  
R e s i d u a l  S t r e s s  
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a r e a ,  as shown by the  broken  l i nes  i n  F i g u r e  13(d). 
between the f o u r  s e t s  of d e p r e s s i o n s  are m e a s u r e d  to d e t e r m i n e  elas- 
t i c  s t r a i n s  r e l e a s e d  du r ing  the  s t r e s s  re laxa t ion .  * 

The  d i s t a n c e  

c. G r i d  S y s t e m s Z o  

Probab ly  the s i m p l e s t  method f o r  d e t e r m i n i n g  d i s t o r t i o n  
or p las t ic  de fo rma t ion  i n  a mode l  o r  a p a r t  is by m a r k i n g  it wi th  a s y s -  
t e m  of gr id  l i n e s .  The  l ines  are appl ied  by s e v e r a l  m e a n s ,  depending 
upon the  m a t e r i a l  and the  geomet ry :  they  c a n  be s c r a t c h e d  by hand, 
m a c h i n e  sc r ibed ,  d r a w n  rhlith ink, imposed  on photosens i t ive  coa t ings  
by a photographic  p r o c e s s ,  o r  s t a m p e d  with a n  inked r u b b e r  s tamp.  

T h e  sensi t ivi ty  of m e a s u r e m e n t  is dependent  upon the  s i z e  and 
a c c u r a c y  of t he  s c r a t c h e s  o r  l i nes  and the  kind of m e a s u r i n g  i n s t r u -  
m e n t  used. With a n  opt ical  m i c r o m e t e r ,  m e a s u r e m e n t s  c a n  be made 
to  about  50 t o  100 m i c r o i n c h e s  p e r  inch. 
r e q u i r e  pain-taking efforts. 

However ,  the m e a s u r e m e n t s  

10, 21 d. Br i t t l e -Coat ing  Technique  

T h e  u s e  of b r i t t l e  coa t ings  o r  b r i t t l e  l a c q u e r s  as s t r a i n  
i n d i c a t o r s  i s  based  on the obse rva t ion  tha t  such  coa t ings  through their 
rup tu re ,  can r e v e a l  the  magni tude  of s t r a i n  in  the  under ly ing  material 
of the  t e s t  piece.  T h e s e  coa t ings  work on the  p r inc ip l e  that ,  u n d e r  
s t r a i n ,  c r a c k s  will a F p e a r  n o r m a l  to  the  d i r e c t i o n  of m a x i m u m  pr inc ipa l  
s t r e s s .  

T h e r e  a r e  two g e n e r a l  c l a s s e s  of b r i t t l e  coa t ings :  r e s i n - b a s e d  
coa t ings  and g l a s s -  based  coa t ings .  
f o r  r o o m - t e m p e r a t u r e  use ,  while  g l a s s - b a s e d  coa t ings  c a n  be used  a t  
high t e m p e r a t u r e s  up to  about  600°F .  B e s t  r e s u l t s  are obta ined  when 
coa t ings  a r c  sF rayed  on s p e c i m e n s .  A k i t  is ava i l ab le  which inc ludes  
a s p r a y  gun, a ca l ib ra t ion  dev ice ,  and  o t h e r  n e c e s s a r y  equipment .  

Res in -  based  coa t ings  are  des igned  

ca . P h o t  oe 1 a s ti  c - C oat  i n g T e c h ni q ue  

Under  the ac t ion  of s t r e s s e s ,  t r a n s p a r e n t  m a t e r i a l s  become 
doubly r e f r ac t ing  (b i r e f r ingen t )  and  if a b e a m  of a po la r i zed  l ight  is 
p a s s e d  through a model  ( u n d e r  s t r e s s )  m a d e  of such  a material, a 

:kThcoretically,  m e a s u r e m e n t s  of d i s t a n c e s  be tween t h r e e  s e t s  of 
d e p r e s s i o n s  are enough for d e t e r m i n i n g  r e s i d u a l  stresses. 
s e t  i s  used f o r  improving  the  a c c u r a c y  of m e a s u r e m e n t .  

The  f o u r t h  



I 

* colored  p i c tu re  is obtained f r o m  which the s t r e s s  d i s t r ibu t ion  can  be 
J. 10, 2 6 ,  27 . de te rmined .  This  technique is called the  photoelast ic i ty .  -6- 

‘ The photoelast ic-coat ing technique is a me thod  of s t r e s s  ana lys i s  
i n  which the ac tua l  s t r u c t u r e  to  be stress analyzed i s  coated with a 
photoelast ic  p las t ic .  
s t r a i n s  a r e  t r a n s m i t t e d  to  the plast ic  coat ing,  which then b e c o m e s  
b i re f r ingent .  The  b i re f r ingence  c a n  be obse rved  and m e a s u r e d ,  using 
a re f lec t ion  polar i scope ,  as shown schemat ica l ly  i n  ,F igure  14. F i g u r e  
15 shows a n  example  of f r inge  pat tern.  
f r inge  p a t t e r n s ,  which a r e  bas ica l ly  the s a m e  as those  obtained i n  
o r d i n a r y  photoelast ic i ty ,  a r e  found in in s t ruc t ions  provided by the 
m a n u f a c t u r e  r . 

When s t r a i n s  o c c u r  in  the spec imen ,  the 2 8 ,  29 ,  30, 31 

The  p r inc ip l e s  of analyzing 

Ring for simultaneous 
rotation of the 

\ Specimen 

F i g u r e  14. Schematic  of Opt ica l  S y s t e m  
of Reflect ion P o l a r i s c o p e  

:::The usua l  photoelast ic  technique which e m p l o y s  m o d e l s  m a d e  with 
spec iz l  p l a s t i c  m a t e r i a l s  a r e  seldom used  f o r  studying r e s idua l  s t r e s s e s  
i n  m e t a l s  and m e t a l  s t r u c t u r e s  p r i m a r i l y  because  d is t r ibu t ions  of r e s i -  
dua l  s t r e s s e s  produced in  m e t a l s  a r e  d i f fe ren t  f r o m  those produced in  
the  p l a s t i c  m a t e r i a l s .  
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3. Various Methods of Measuring Residual Stresses Based on Stress-Relaxation 
Techniques 



* 
The nicthods a r e  nanicd on thc. b a s i s  of the p r inc ip l e  involved, the 
s t r . a in-measur ing  techniqucs used ,  or  thc3 n a m e  of the p c r s o n s  who 
have  developed o r  d e s c r i b e d  thcni. F o r  each  of thesc, tiicthods the 
d e s c- 1- i p t i o t i  i n c 1 ud e s cx p e r i m  e tit a 1 p roc e d u r c’ s , r a ng t‘ of a p p 1 i c a t  i o n , 
ad\-a  ntag e s ,  and di s ad  van tag e s . 

a. Method 1. E l e c t r i c - R e s i s t a n c e  S t r a i n  G a x  Sectioning - -- - o r  T r e ~ a n n i n g ~ ~  9 3-T- 
-- 

(1 )  P r o c e d u r e s .  E l e c t r i c -  r e s i s t a n c c  s t r a i n  gages  a r c  
mounted  on the s u r f a c e  (both surfacc%s if poss ib l e )  of thc  t e s t  s t r u c t u r e  
o r  s p e c i m e n ,  and then a s m a l l  pit,cc ( o r  piecc,s) of m e t a l  containing 
the gages  is taken f r o m  the structure and m e a s u r e m e n t  i s  m a d e  of s t r a i n  
changes  that  o c c u r  due to  the removal ,  a s  shown i n  F i g u r e  7. 

( 2 )  Application. Rc,latively a l l -  a round u s e ,  \vith thc, 
m e a s u r i n g  s u r f a c e  placed i n  any  position. 

( 3 )  Advantages.  Rel iable  method.  S imple  pr inc ip lc .  
High m e a s u r i n g  a c c u r a c y .  

(4) D i s advantage s . De s t r uc t i  v c,. Give s a v  e’ r a g  e s t r c s s e s 
o v e r  the a r e a  of the piece r emoved  f r o m  the spec imen ;  not su i t ab le  f o r  
m e a s u r i n g  loca l ly  c onc e n t r  a t ed  s t r e s s  e s .  
expens ive  and t i m e  consuming.  

Machining i s s o m e  t i m e  s 

b. Method 2 .  The  Gunnert  Technique f o r  P l a t e s ”  

( 1 )  P r o c e d u r e s .  Details of the Gunnert  technique arc’ 
d e s c r i b e d  previous ly  i n  connection with F i g u r c  1 3 .  

( 2 )  Application. Suitable f o r  l a b o r a t o r y  and f ie ld  work.  - - 
C a n  be u s e d  on ho r i zon ta l ,  inc l ined ,  o r  v e r t i c a l  m e a s u r i n g  s u r f a c e s .  

( 3 )  Advantages.  Rapid. The  main s t r c s s c s  a t  a m e a s u r -  
ing point c a n  be de te rmined  both a s  r e g a r d s  d i r e c t i o n  and magnitude 
in  about  1 hour .  
P e r m i t s  the m e a s u r e m e n t  of s t r e s s  peaks to  s o m e  extent  owing to  
the  small m e a s u r i n g  d i s t a n c e s .  
me a s u r em e n t s i n u nf av  o r  a bl  e we a t  h e r . 

E a s i l y  r e p a i r e d  damage  of the m e a s u r e d  object.  

Robust a p p a r a t u s  which p e r m i t s  

(1) Disadvantages.  The mtxthod en ta i l s  c o n s i d e r a b l e  
m a n u a l  t r a in ing  in o r d e r  t o  e n s u r e  c o r r e c t  manipulat ion.  
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c.  Mcthod 3 .  V i n c k i e r ' c  M c . t h o ~ l ~ ~ ~ ' ~ ~  

(1 )  P r o c e d u r e s .  Hardcnvd s t e e l  ba l l s  a r e  punched in to  
Thc  d i s t ance  bctween them i s  m e a s u r e d  before' 
-- 

a m c a s u r i n g  s u r f a c e .  
and a f t e r  the m a t e r i a l  (with the ba l l s  in pos i t ion)  h a s  been removed 
f r o m  the object.  F r o m  the, d i f f r r e n c t ~ s  in the measuremc.n ts  of the  
distancc. between the  ba l l s  which havc  o c c u r  r e d ,  the o r ig ina l  rt.sidua1 
s t r c> s s c, s c a n  bc, c' a 1 c u l  a t  e d . 

( 2 )  Application. Suitable, f o r  l a b o r a t o r y  and f ie ld  work .  -~~ 
Can also be used  f o r  inc l ined ,  v e r t i c a l ,  and ovc,rhc,ad s u r f a c e s .  

( 3 )  Advantages.  Rapid method.  E a s i l y  r e p a i r e d  d a m a g e  -- 
of the  t r s t  p iece .  High n i e a s u r i n g  a c c u r a c y .  

(4)  Disadvantagcs .  The  rc.1ativvly long d i s t a n c e  between 
the measu r ing  ba l l s  (314 inch)  do  not pc.rmit the  m c a s u r e m c n t  of s t r e s s  
peaks  o r  a c c u r a t e  n i t . a s u r c m i ~ n t s  i n  reg ions  with pronounced d i f f e r e n c e s  
in thc  s t r e s s  d i s t r ibu t ion .  

d. Mc,thod 4. Dividing- G r i d  - System3'  --_ 

( 1 )  P r o c e d u r e s .  Thcl s u r f a c e  of the  ob jec t  m e a s u r e d  i s  
-_-I___- 

p r o \  ided with a s y s t c m  o f  su i tab ly  located m e a s u r i n g  poin ts ,  p laced  
a t  the c o r n e r s  of a s g u a r e  ne t \ \o rk ,  f o r  example .  The  d i s t a n c e  between 
the points i s  dc>tvrtnined and the  distanct.  between the i r  d iagonals  i s  a l s o  
m c a s u r c d ,  gt.n(,rally with a mechan ica l  n i e a s u r i n g  i n s t r u m e n t .  The  
points niay c o n s i s t  of d e p r e s s i o n s  o r  punched-in ba l l s .  
object i s  then divided in to  s q u a r e  e l e m e n t s ,  e a c h  containing fou r  
m e a s u r i n g  points.  
again.  
two me  a s  u rem e x  nt s . 

The whole 

The  d i s t a n c e s  p r e v i o u s l y  m e a s u r e d  a r e  m e a s u r e d  
The s t r e s s e s  c a n  be ca l cu la t ed  f r o m  the  d i f f e rence  between the  

( 2 )  Application. L a b o r a t o r y  me thod ,  s ince  a d iv i s ion  of 
the  object t e s t e d  i s  not u sua l ly  p e r m i s s i b l e .  

( 3 )  Advantages.  - Simple  p r i n c i p l e  and  m e a s u r e m e n t .  
A l l o w s  the de t e rmina t ion  of c lose ly  adjoining a reas  o v e r  l a r g e  s u r f a c e s .  

(4 )  Disadvantagcs .  Involves  to ta l  d e s t r u c t i o n  of thc  objec t .  

14,  1 5 ,  16 c .  - Method 5. D r i l l i n g - S t r a i n  Gage  (Mathar -Soete)  

( 1 )  P r o c e d u r e s .  Res idua l  s t r e s s e s  a r e  r e l i e v e d  by d r i l l -  
1 ing a hole, f o r  example  /4 inch in d i a m e t e r .  S t r a i n  changes  that  t a k e  



plact. in a r c a s  a round the hole  due  to d r i l l i ng  d r c  riic’asurc’d, and the  
r e s idua l  s t r e s s e s  that ex is ted  i n  the d r i l l e d  arc.a arc’ ca l cu la t ed  
( F i g u r e  8 ) .  

( 2 )  Application. The method can  be usc,d f o r  l abora to ry  --- 
and f i e ld  work  and on ho r i zon ta l ,  ve r t i ca l ,  and ovcrhcad sur facc%s.  

( 3 )  Advantages.  A s imple  pr inc ip le .  Cd-usc,s l i t t i c ,  
d a m a g e  t o  the  t e s t  piece,  convenient to  u s e  on welds  and adjoining 
niat  e r i a l  . 

(4) Disadvantages .  Dri l l ing c a u s e s  p las t ic  s t r a i n s  a t  
the p e r i p h e r y  of the hole ,  which may  d i s p l a c e  the m c a s u r c d  r ( , su l t s .  
The method m u s t  be used  with c r i t i c a l  c a r e .  

1 1 ,  3 8  f .  Method 6.  Dr i l l i ng -Br i t t l e  Coating (Gadd)  - -- 

( 1 )  P r o c e d u r e s .  The m e a s u r i n g  point and  i t s  s u r r o u n d -  
ing a r e a s  a r e  coa ted  with a b r i t t l e  l acque r .  A hole (d i a t r i r~ t r~ r  d ,  e .  g. 
/8 i nch )  is d r i l l e d  a t  the  m e a s u r i n g  point to a depth of be twc~rn  / 2  d and 

d.  C r a c k s  a r e  produced  in  the  lacquer  due  to rc laxa t ion  of r c s idua l  
s t r e s s e s  c a u s e d  by the dr i l l ing .  r a d i a l  c r a c k s  
o c c u r  if r e s i d u a l  s t r e s s e s  a r e  tens i le ,  and  c i r c u l a r  c r a c k s  o c c u r  if 
r e s i d u a l  s t r e s s e s  a r e  c o m p r e s s i v e .  
t ion of the c r a c k s ,  i t  i s  poss ib l e  to  determinc,  the direction of m a i n  
s t r e s s e s  s i n c e  the l a t t e r  a r e  perpendicular  to  the direction of the c r a c k s .  

1 1 

As shown in F i g u r e  1 6 ,  

F r o m  t h t  d i r ec t ion  and d i s t r i b u -  

( 2 )  Application. P r e f e r a b l y  a l a b o r a t o r y  me thod ,  but 
i t  c a n  a l s o  be used  f o r  field m e a s u r e m e n t s  i f  the  a t m o s p h e r e  i s  d r y .  
The  m e a s u r i n g  s u r f a c e  can  be  chosen as  d e s i r e d .  

( 3 )  Advantages.  Li t t le  d a m a g e  to the t e s t  p iccc .  Rapid 
d e t e r m i n a t i o n  of thc d i r e c t i o n s  of the p r inc ipa l  s t r e s s e s  and an  ind ica-  
tion of t h e i r  magni tude .  

- 

(4)  Disadvantages .  Only qual i ta t ive.  

3 0 ,  3 2 ,  3 9  g. Method 7. Photoe las t ic  Coat ing - 

(1)  P r o c e d u r e s .  A photoelast ic  coat ing is  p1acc.d on thc 
s p e c i m e n .  A hole  i s  d r i l l e d  a t  the m e a s u r i n g  point th rough the  photo- 
e l a s t i c  coa t ing  and a port ion of the  spec imen  to  a c c r t a i n  depth ,  <’. g . ,  
equa l  to  the  d i a m e t e r .  If r e s idua l  s t r e s s e s  c x i s t ,  b i refr ingcncc,  o c c u r s  
in  a r e a s  n e a r  the  d r i l l e d  hole .  By ana lys i s ,  the b i rv f r ingc~ncc  s t r a i n  
r e l e a s e  that  took p lace  due t o  dr i l l ing  i s  d e t e r m i n e d  and thcn the  res idua l  
s t r v s s c > s  tha t  ex i s t ed  i n  thc d r i l l e d  a r e a s  a r e  calculatc,d. 
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(0) (b) (e) (d 1 
Simpk Biaxial Simple Biarol 

Tension lknsion Compression Compression 

Figure  16. Typical  C r a c k  P a t t e r n  Obtained Under  Var ious  
S u r f a c e - S t r e s s  Conditions,  Showinp Combination of the 

M a t h a r  Hole Method and Brittle Coat ing 

(2) Application. - P r i m a r i l y  a l abora to ry  method,  but i t  
can  a l s o  be used  f o r  field m e a s u r e m e n t s  under  c e r t a i n  c i r c u m s t a n c e s .  

(3 )  Advantages.  P e r m i t s  the m e a s u r e m e n t  of loca l  
s t r r s s  pc.aks. L i t t l e  d a m a g e  t o  the  m a t e r i a l .  

(4) Disadvantages.  Sens i t ive  t o  p l a s t i c  s t r a i n s  which 
s o m e t i m e s  o c c u r  a t  the  edge of the d r i l l e d  hole. 

h. Method 8.  S u c c e s s i v e  Remova l  of Metal  L a y c - r s  
(StZblein)'l, J2* 40 

(1) P r o c e d u r e s .  Le t  i t  be  a s s u m e d  tha t  r e s idua l  s t r e s s e s  
arc p resen t  in  a ba r - shaped  body. When m a t e r i a l  i s  r e m o v e d  on one 
s i d e  of the body by mi l l ing ,  f o r  example ,  the bar will  bend toward  the  
m i l l e d  s ide  if they are t ens i l e  s t r e s s e s ,  as shown in F i g u r e  17. By 
th i s  means, the  opposi te  s i d e  of the  bar will e i t h e r  be  lengthened or 
shor tened .  If m e a s u r i n g  d e v i c e s  such  as s t r a i n  gages  are appl ied to 
th i s  s ide ,  i t  i s  poss ib le  t o  s tudy to  what  ex ten t  t he  s u r f a c e  h a s  changed 
i n  Icngth for  e a c h  l a y e r  of the  m a t e r i a l  r e m o v e d  on the  oppos i te  s i d e  
and, from thc va lues  r ead  off, the r e s idua l  s t r e s s e s  in the  d i f fe ren t  
l a y c r s  c a n  be calculated.  Ins tead  of m e a s u r i n g  the  s u r f a c e  changes  
in Icngth, thc- bending of thc. b a r  can  be m e a s u r e d .  

(2) Application. M e a s u r e m e n t  of the uniaxial  r e s idua l  - 
s t r e s s e s  along p la tcs ,  sha f t s ,  s u r f a c e - t r e a t e d ,  h e a t - t r e a t e d ,  or s u r f a c e  
b a r -  shaped objects .  



(a )  Before the Removal of the 
Metol Layer 

(b) Aftor the removal of the 
Metal Layer 

F i g u r e  17. Res idua l  S t r e s s  M e a s u r e m e n t  by 
Success ive  Remova l  of Metal  L a y e r s  

( 3 )  Advantages.  Rel iable  me thod  f o r  m e a s u r i n g  the m e a n  
s t r e s s e s  ove r  a re la t ive ly  l a r g e  sur face .  

(4) Disadvantages.  Does not p e r m i t  m e a s u r e m e n t  of 
s t r e s s  peaks.  Involves total  des t ruc t ion  of the object  m e a s u r e d .  Only 
uniaxial  s t r e s s e s  are m e a s u r e d .  
mechan ica l ly  owing t o  the mil l ing.  

Risk  of r e s idua l  s t r e s s e s  s e t  up 

11, 18, 19 i. Method 9. Bauer -Hevn ' s  Method 

(1)  P r o c e d u r e s .  Metal  i n  a th in  outs ide l a y e r  of a cyl in-  
d r i c a l  s p e c i m e n  is r emoved  in  a sufficient nuuiber  of s t eps ,  and the  
length of the r ema in ing  port ion is  m e a s u r e d ,  as shown i n  F i g u r e s  9 
and IO. Residual  s t r e s s e s  a r e  then calculated.  

(2) Application. Cyl indr ica l  bodies  with rotat ional ly  
s y m m e t r i c a l  s t r e s s e s .  

( 3 )  Advantages.  Rather  s imple .  

(4) Disadvantages.  Longitudinal s t r e s s e s  only are  con- 
s ide red .  ADplicable to  l imi ted  c a s e s .  

J .  Method 10. Mesnager -Sachs '  Boring-Out  Method 11, 41,42 

(1)  P r o c e d u r e s .  On the outs ide of a cy l indr ica l  body, 
m e a s u r i n g  dev ices  are applied t o  the m e a s u r e d  object  i n  the longitudinal 
and tangent ia l  d i r ec t ions ,  i n  the f o r m  of strain gages  f o r  example ,  or 
in the longi tudinal  d i r ec t ion  and a c r o s s  the d i a m e t e r  i n  the f o r m  of 
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mechanica l  m e a s u r i n g  devices .  A c e n t r a l  ho le  is d r i l l ed  in  the  body 
and the changes in  the def lect ions of the m e a s u r i n g  dev ices  are  noted 
as the d i ame te r  of the hole i s  i n c r e a s e d  in  s t e p s  by repea ted  dr i l l ing.  

(2)  Application. C i r c u l a r  cy l indr ica l  bodies  with rotat ion-  
a l ly  s y m m e t r i c a l  d i s t r ibu t ion  s t re s s e s. 

( 3 )  Advantages.  P e r m i t s  the m e a s u r e m e n t  of the uni- 
and biaxial  r e s idua l  s t res ,c  d i s t r ibu t ion  i n  the whole of the t e s t  piece.  

(4) Disadvantages.  A s s u m e s  tha t  t he  s t r e s s e s  a r e  con- 
s t an t  along the cyl inder  and tha t  the  s t r e s s  d i s t r ibu t ion  is ro ta t iona l ly  

I s y m m e t r i c a l .  Involves to ta l  des t ruc t ion .  Risk  of mechan ica l ly  caused  
r e s i d u a l  s t r e s s e s  due to  working. 
r e s idua l  s t r e s s e s  in  welds .  

Not v e r y  sn i tab le  f o r  m e a s u r i n g  

k. Method 11. Deflect ion M e a s u r e m e n t s  by Split t ing S t r i p s  
o r  Bars11 

(1) P r o c e d u r e s .  A s t r i p  o r  a b a r  i s  s-plit down i t s  c e n t r a l  
longitudinal plane and, as a r e s u l t ,  the  two h a l v e s  c u r l  back. The  def lec-  
t ion of the b a r s ,  o r  the amoun t  of spl i t ,  i s  m e a s u r e d  and r e s idua l  
s t r e s s e s  a r e  calculated.  

(2)  Application. F o r  l a b o r a t o r y  and f ie ld  m e a s u r e m e n t s .  

( 3 )  Advantages.  Simple.  

(4) Disadvantages.  Only a n  a p p r o x i m a t e  me thod  and 
applicable only to  c a s e s  i n  which the s t r e s s e s  are thought to  v a r y  
l i n e a r l y  through the th ickness  of a p la te  o r  shell but a r e  cons tan t  algng 
the length,  a c r o s s  the width of the p la te ,  o r  a round the c i r c u m f e r e n c e  
of the shel l .  

11, 43 1. Method 12. Sli t t ing a Tube  (Sachs-EsDev) 

(1)  P r o c e d u r e s .  A s l i t  is m a d e  in  a tube,  and the  def lec-  
t ion of the tongue is m e a s u r e d .  
m a y  be m a d e  by pickling o r  machining.  
ru l a t ed  f r o m  the deflection. 

The  r e m o v a l  of metal f r o m  the tube 
Res idua l  stresses are  ca l -  

(2) Application. For l a b o r a t o r y  and f i e ld  m e a s u r e m e n t s .  
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(3)  Advantages.  Relat ively s imple .  

(4)  Disadvantages .  Not v e r y  a c c u r a t e .  

.m. Method 13. Success ive  Dr i l l ing  (Soe te -Vancrombruggef  2 , 4 4  

( 1 )  P r o c e d u r e s .  S t ra in  gages  a re  appl ied  i n  a s t a r  a round  
the  m e a s u r i n g  point, s i m i l a r l y  to the Matha r -Soe te  me thod  (Method 5). 
As i n  tha t  method,  a hole  is d r i l l e d  at  the c e n t e r  of the s t a r ,  but i n  s t e p s  
of about  1 rnm in  depth  a t  a t ime .  
m e n t s  a r e  r e a d  off on s t r a i n  gages .  F r o m  the va lues  obtained f o r  dif- 
f e r e n t  d r i l l i ng  depths  it. is poss ib l e ,  with the  he lp  of e m p i r i c a l  va lues ,  
t o  ca l cu la t e  the o r ig ina l  r e s i d u a l  s t r e s s e s  a t  the  d i f f e ren t  l eve l s .  

F o r  e a c h  s t e p  the  changes  i n  m e a s u r e -  

( 2 )  Application. The method c a n  be  used  both f o r  l a b o r a -  
t o r y  and  f ie ld  work.  

( 3 )  Advantages.  If the d i r e c t i o n s  of the  m a i n  s t r e s s e s  
a r e  not known, they  c a n  be de t e rmined .  
is  e a s i l y  r e p a i r e d .  

Damage  to  the  objec t  m e a s u r e d  
Can  b e  employed for  all inc l ina t ions  of the plate.  

(4) Disadvantages .  Dri l l ing c a u s e s  p l a s t i c  s t r a i n s  at the  - 
p e r i p h e r y  of the hole  which m a y  d i sp lace  the m e a s u r e d  r e s u l t s .  
me thod  m u s t  be used  with c r i t i c a l  c a r e .  

The  

45, 46 n. Method 14. The  Gunnert  Drilling: Method 

(1)  P r o c e d u r e s .  F o u r  3 - m m  (0. 12 inch)  p a r a l l e l  h o l e s  
loca t ed  a t  the  p e r i p h e r y  of a c i r c l e  with a 4. 5 - m m  (0. 18 inch)  r ad ius  
a r e  d r i l l e d  through the p la te  a t  the m e a s u r i n g  point,  as shown i n  
F i g u r e  18. T h e  d i a m e t r i c a l  d i s tance  be tween t h e s e  h o l e s  a t  d i f fe ren t  
l e v e l s  below the s u r f a c e  of the plate  is  m e a s u r e d  by m e a n s  of a s p e -  
c i a l ly  des igned  m e c h a n i c a l  gage.  
t he  p l a t e  s u r f a c e  and m e a s u r i n g  points a t  d i f f e ren t  l e v e l s  below the  
s u r f a c e  i s  a l s o  m e a s u r e d .  
ing poin ts  in  s t e p s  of about  0.  08 inch in  depth. 
t a n c e  is  r e a d  off f o r  e a c h  s tep.  Af te r  the  g roove  has been  d r i l l e d  to  
the  d e s i r e d  depth,  the  fou r  ho le s  will be  loca t ed  i n  a plug with a d i a -  
m e t e r  of 1 6  mm (0. 63  inch ) ,  and this plug i s  f r e e  from the  su r round ings  
and  is  thus  a l s o  f r e e  f r o m  r e s i d u a l  s t r e s s e s .  A f u r t h e r  m e a s u r e m e n t  
of t h e  d i a m e t r i c a l  d i s t a n c e  a t  a l l  l eve ls  p rev ious ly  m e a s u r e d ,  toge ther  
wi th  the  pe rpend icu la r  m e a s u r e m e n t s ,  provide i n f o r m a t i o n  f o r  ca lcu la t -  
i ng  the  o r ig ina l  r e s i d u a l  s t r e s s e s .  

The pe rpend icu la r  d i s t a n c e  between 

A groove i s  then d r i l l e d  a r o u n d  the  m e a s u r -  
The  pe rpend icu la r  d i s -  

4 5  
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(1) P r o c e d u r e s .  Two n a r r o w  b locks  having the  ful l  
t h i ckness  of the plate  a r e  cu t  with t h e i r  long a x e s  d i r e c t e d  along the  
a x i s  of weld and t r a n s v e r s e  to the weld ,  as  shown i n  F i g u r e  19. The  
blocks should be  m a d e  n a r r o w  with r e s p e c t  t o  the  t h i c k n e s s ;  t hen  i t  
m a y  be a s s u m e d  tha t  the  ope ra t ion  has r e l i e v e d  p r a c t i c a l l y  a l l  of the  
r e s i d u a l  s t r e s s e s  ac t ing  i n  the  d i r e c t i o n  p e r p e n d i c u l a r  t o  the  long axis, 
while re l ieving only a p a r t  of the s t r e s s  i n  the d i r e c t i o n  p a r a l l e l  t o  the  
long ax i s .  At the  s a m e  t i m e ,  the  b locks  should be m a d e  long enough 
with r e s p e c t  to th i ckness  ( twice  the  t h i c k n e s s  o r  m o r e ,  i f  pos s ib l e ) .  
Subsequently,  the  s t r e s s  tha t  h a s  been  r e l i e v e d  in  the  c e n t r a l  po r t ion  
of the block i s  v e r y  n e a r l y  a l i n e a r  funct ion of the  th i ckness .  In o t h e r  
w o r d s ,  if the value of th i s  s t r e s s  is known on the  top and bot tom f a c e s  
of the plate,  then va lues  of the s t r e s s  r e l i e v e d  throughout  the  th i ckness  
can  be computed. The  next s t e p  is  to  d e t e r m i n e  r e s i d u a l  s t r e s s e s  s t i l l  
l e f t  i n  the b locks .  T h i s  c a n  be  done by mount ing  s t r a i n  g a g e s  on the  
w'alls  of the b locks  and then m e a s u r i n g  s t r a i n  r e l a x a t i o n  tha t  r e s u l t s  
f r o m  slicing them in to  s m a l l  p i eces .  

I 

/-Trepan I ! j  

( a )  Plan (b) Side View 

I F i g u r e  18. The  Gunner t  Dr i l l ing  Method 

( 2 )  Application. C a n  be used  both f o r  l a b o r a t o r y  and 
f ie ld  v..ork. The  s u r f a c e  of the plate  m u s t  be subs t an t i a l ly  hor izonta l .  

( 3 )  Advantages.  Robus t  and s i m p l e  a p p a r a t u s .  S e m i -  
nondes t ruc t ive ;  d a m a g e  t o  the object  t e s t ed  c a n  be e a s i l y  r e p a i r e d .  

(4) Disadvantages .  - Rela t ive ly  l a r g e  m a r g i n  of e r r o r  f o r  
The  unde r s ide  of the s t r e s s e s  m e a s u r e d  i n  a pe rpend icu la r  d i r ec t ion .  

the  p la te  m u s t  b e  a c c e s s i b l e  f o r  the  a t t a c h m e n t  of a f i x t u r e .  
method en ta i l s  m a n u a l  t ra in ing .  

T h e  



( a )  Sectioning the Weldment to prepare Longitudinal and Transverse Blocks. 

( b )  Further Sectioning of  Block 

F i g u r e  19. Rosen tha l -Nor ton  Sectioning Method 

Two b locks ,  one longitudinal and one t r a n s v e r s e ,  m u s t  be cu t  i n  
o r d c r  to d e t e r m i n e  th ree -d imens iona l  s t r e s s  d i s t r ibu t ion .  S i n c t  two 
b locks  cannot  be  cut  f r o m  the  same spot ,  the layout  m u s t  be s o  a r r a n g e d  
so  as to  m a k c  u s e  of the s y m m e t r y  of the  s p e c i m e n ,  o r  us ing  the method 
of i n t c, r po 1 a t  i o n . 

( 2 )  Application. F o r  l a b o r a t o r y  m e a s u r e m e n t s .  

( 3 )  Advantages.  When the  m c a s u r e m e n t s  a r e  c a r r i e d  -- 
out ca re fu l ly ,  t h e r e  should bc l i t t le  c r r o r .  



I 
(1) Disadvantagc>s.  A t roub leson le ,  t ime-consuming,  

and c 0111 plc, t e 1)- d e  s t r uc t i v  c m e t  hod. 

W1ic.n cx t c rna l  o r  i n t e r n a l  f o r c e s  a r e  appl ied t o  a s t r u c t u r e  
niade up of m e t a l l i c  c r y s t a l s ,  t he  c r y s t a l l i n e  l a t t i c e  i s  d i s t o r t e d ,  t h u s  
changing the. intc r a t o m i c  d i s t a n c e s .  
c l a s t i c  l inli t ,  p las t ic  d t f o r m a t i o n . t a k e s  p l ace  as a r e s u l t  of s l ipping 
bct\\.cen the l a t t i ce  planes.  
spac ing  i s  d i r e c t l y  propor t iona l  t o  the  s t r e s s .  

When the de fo rma t ion  exceeds  the  

In any  even t ,  the  change  in  the  i n t e r a t o m i c  

~ 

4. Measurement' of Residual Stresses by X-Ray Diffraction Techniques 

Elas t i c  s t r a i n s  in  m e t a l s  tha t  have  c r y s t a l l i n e  s t r u c t u r e s  c a n  
be dctcrii i ined by mclasuring tht. l a t t i ce  p a r a m e t e r  by X- r a y  d i f f r ac t ion  

Since the  l a t t i c e  p a r a m e t e r  of a m e t a l  t c c hniq u t x  s . 
in  thc u n s t r c s s e d  s t a t e  is  known o r  c a n  b e  d e t e r m i n e d  s e p a r a t e l y ,  
c l a s t i c  s t r a i n s  in thc  n i c t a l  c a n  be d e t e r m i n e d  nondes t ruc t ive ly  without 
iiiachining o r  dr i l l ing .  
only to  c rys t a l l i nc  m a t e r i a l s  having r andomly  o r i e n t e d  small g r a i n s .  
but m o s t  n i e t a l s  fa l l  in to  th i s  ca t egory .  

48,  49, 50, 5 1 ,  5 2 ,  5 3 ,  54,  55 

X -  r a y  d i f f r ac t ion  techniques a r e  app l i cab le  

a. Bas ic  P r i n c i p l e s  -- I 

X- ray d i f f r ac t ion  techniques of m e a s u r i n g  s t r e s s e s  in  m e t a l s  a r e  
based  on the f a c t  that  the wavelengths  of X- rays  a r e  of the s a m e  gen- 
eral o r d e r  of magni tude as  the a tomic  s p a c i n g s  i n  m e t a l l i c  c r y s t a l s ,  
which a r e  approximate ly  1 a n g s t r o m  uni t  o r  4 x l o w 9  inch. . T h e  s h o r t  
wavelength of X - r a y s  m a k e s  i t  poss ib l e  for  the  r a y s  to  p e n e t r a t c  the  
c r y s t a l l i n e  l a t t i ce  t o  s o m e  ex ten t  and  be r e f l ec t ed  back f r o m  the  a tomic  
p lanes  which they have  pene t r a t ed .  

Suppose tha t  a monochromat i c  plane wave  i s  in t roduced  to  the 
a tomic  planes in  the d i r e c t i o n  AB, as shown i n  F i g u r e  20. 
b e a m s  f r o m  s u c c e s s i v e  p a r a l l e l  p lanes  of a t o m s  a r e  r e i n f o r c e d  i n  one 
d i r e c t i o n  BC: the d i f f r ac t ion  d i r ec t ion .  B r a g g ' s  law d e f i n e s  the  condi- 
t ion  f o r  d i f f rac t ion  as  follows::::55 

The  r e f l e c t e d  

;::ABC and DFH, in  F i g u r e  2 0 ,  r e p r e s e n t  pa ths  t r a v c l e d  by points  i n  
tht. wave f ron t  which t>xcite a t o m s  a t  B and  F i n  ad jaccnt  p l anes .  Rein-  
f o r c e m c n t  in tlit, d i r e c t i o n  B C  ( o r  F H )  r e q u i r e s  that  the  path d i f f c r e n c e  
( E F  + F G )  bc equal  to  a n  i n t e g r a l  n u m b e r  of wavelengths ,  i. t'. , 

E F  - F G  = - = nX, where  n is a n  i n t e g e r .  1 
2 



A 

F i g u r e  20. Diffract ion Resulting f r o m  Reflect ions f r o m  
Adjacent Atomic P l a n e s  of a Monochromat ic  

P l a n e  Wa\.e 

nX = 2d s i n  0 ,  

w h e r e  

= the  wavelength of incidcnt b e a m  

0 = the  angle  between incident o r  r e f l ec t ed  bcarns and s u r f a c e  
of re f lec t ing  p l anes  

d = the  i n t e r p l a n e r  s p a c i n g ,  

n = the  o r d e r  of re f lec t ion  (n = 1 ,  2, 3,  .. . . .) .  

Equat ion (20)  shows tha t ,  if the wavelength of t he  X - r a y  is  known, 
the  i n t e r p l a n e r  spacing,  d ,  c a n  be de termined  by m e a s u r i n g  thc  ang le  0 .  

(1 )  P r e c i s i o n  i n  Measuremen t s .  Equat ion ( 2 0 )  sho\h,s 
t ha t  p r e c i s i o n  i n  m e a s u r i n g  the  in t e rp l ane r  spac ings  depends  on the 
p r e c i s i o n  i n  m e a s u r i n g  angle  0 .  
the Bragg  equation i s  different ia ted with r e s p e c t  to  0: 

- -- - 

T o  eva lua te  the  effect  of c r r o r s ,  

T h u s ,  m o r e  p r e c i s e  va lues  of d ,  cor responding  t o  a s m a l l  product  o f  
co t  O.AO, a r e o b t a i n e d  a t  l a r g e  angles of 0 b e c a u s e  cot 0 dec rc , a ses  as  0 
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approachcs  90 d e g r e e s .  F i g u r e  2 1  shows the  p r e c i s i o n  r e q u i r e d  in  
m e a s u r i n g  0 to  obtain a p r e c i s i o n  i n  the i n t e r p l a n e r  d i s t a n c e  d of 0. 01 
pebrccxnt and 0 .005  pe rcen t .  Since i t  i s  diff icul t  t o  m e a s u r e  A8 t o  b e t t e r  
than 0 .  005 dc.gree, d i f f rac t ion  ang le s  of 6 0  d e g r e e s  and p r e f e r a b l y  ovei-  
70  d ( ~ g r o ( ~ s  a r c  used to  s e l c c t  X -  r a y  r ad ia t ion  wavelcngths  f o r  the 
p a  r t i c ,  u 1 a r m at e r ial  t o  bc i n v  c' s ti  ga ted . 

b* igure  21. Prc ,c is ion of M r a s u r c m c n t  of ne, as  a Funct ion  
of Diffract ing Angle 9 ,  t o  Obtain a P r e c i s i o n  i n  
I n t e r p l a n e r  Dis tance  of 0 . 0 1  and 0 . 0 0 5  P e r c e n t  

(Vaughan and C r i t c s ) j 5  

Tablv 3 g i v c s  t he  d i f f r ac t ion  anglc ,  8 ,  the  d i f f r ac t ion  p lane ,  (hke ) ,  
and thc  radiation employed f o r  s t r e s s  a n a l y s i s  of a n u m b e r  of metals . : : :  
In aluniinuni, f o r  c s a m p l e ,  X - r a y s  produced  by a coppe r  t a r g e t  c a n  be 
uscxd (tlic, diffraction angle  is  81 degrees). S o m e t i m e s ,  however ,  t h e s e  
optiniuni c.onclitions cannot  bc ctnp1oyc.d because  of advc,rsv X - r a y  
sc,attc,riiig by thcx saiiiplc,. W1ic.n th i s  condi t ion o c c u r s ,  o t h c r  d i f f rac t ion  
p1anc.s niust  bc c h o s c n ,  a t  sonic '  sa(:rificc. i n  thc  prcxcision of ana lys i s .  
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T11.o g e n e r a l  methods  a r e  employed i n  the r e c o r d i n g  of d i f f r ac t ion  
p a t t e r n s :  

The photographic o r  X - r a y  f i l m  method,  as  sho\\.n in Figurcx 2 2 .  

The X- r a y  d i f f r ac ton ie t e r  o r  c o u n t e r -  tube m(,thod, with c l c c -  
t r i c a l  readout a t t achn icn t s ,  as  sho\\m in Figurcx 2 3 .  

Ecluipnicnt shown i n  F i g u r e  2 2  i s  portablcl and can  be mounted  in p l acc  
on a l a r g e  s t r u c t u r e  f o r  f ie ld  use .  
F i g u r e  2 3  i s  a l a b o r a t o r y  i n s t r u m e n t ,  and the  s i z e  of spec imen  tha t  
could b e  tes ted  i s  l imi t ed  by the g e o m e t r y  of the  instrument.‘:: 

The  d i f f r a c t o m e t e r  type sho\ \n  in 

( 2 )  X - R a y  F i l m  Method. - The a p p a r a t u s  c o n s i s t s  c s s c n -  
t ia l ly  of a f i l m  i n  a light- tight c a s s e t t e  mounted  perpcndicular ly  to  the  
incoming X- ray  beam,  with a hole  through which  i s  i n s c r t c d  the, pinhole 
, y s t em that c o l l i m a t c s  the  b e a m ,  as  shown in  F i g u r e  L 2 ( a ) .  The  f i rm 
r e c o r d s  the r a y s  d i f f r ac t ed  by the spec imen ,  and shows,  on dcvelop-  
mcn t ,  a lmos t  c i r c u l a r  r ings .  The  d i a m e t e r  of a d i f f r ac t ion  r ing  
divided by the  d i s t a n c e  f r o m  the f i l m  to the  spec imen  g ives  2 t an  (180 - 
L e )  f r o m  \ \h ich  0 i s  obtained f o r  i n s e r t i o n  i n  Equat ion ( 2 0 ) .  

F o r  b r s t  r e s u l t s  i t  i s  advisable  t o  o s c i l l a t e  the f i l m  using the m e t a l  
tube containing the pinholes a s  thcl a x i s  of osc i l la t ion .  
much  of the spottinclss of the d i f f r ac t ion  l i n e s ,  as  shown in F i g u r e  24. 
If the g ra in  s i z e  of the spvc imcn  is l a r g e ,  i t  may a l s o  b e  n e c e s s a r y  to  
osc i l l a t e  the spec imen  a few d e g r e e s ,  keeping the  d i s t a n c e  f r o m  the 
f i lm  to the i r r a d i a t e d  spot  on the s p e c i m e n  s t r i c t l y  constant .  
d i s t ance  can be m e a s u r e d  by i n s i d e  m i c r o m e t e r s  o r  c a n  bc adjuStt,d to  
a p rede te rmined  d i s t a n c e  by m e a n s  of a s p e c i a l  gage  i n s e r t e d  bc,twccn 
the c a s s e t t e  and the spec imen.  
to compute the d i s t a n c e  f r o m  s p e c i m e n  to  f i l m  by m e a s u r i n g  the  d i a -  
meter of a ca l ib ra t ing  r ing  of known @ on the  film. 
s t ra in- f re ' e  powder i s  placed on the s u r f a c e  of the t e s t  object.  
Fo\srder i s  chosen  to  yield a r ing  n e a r  0 = 90 d e g r e e s  tha t  d o e s  not i n t e r -  
f e r e  with m e a s u r e m e n t s  of the  r i n g  produced  by the spec imen .  
powder i s  used f o r  a luminum a l loys .  

T h i s  r e m o v e s  

T h i s  

/&;lother me thod  f r equen t ly  employcd  i s  

In th i s  method a 
The  

S i l v e r  

:,'It u~ould  bc poss ib l e  to  build a s p e c i a l l y  des igned  d i f f r a c t o m c t c r -  
t ) p e  equipmtsnt tha t  c a n  be used  f o r  the f i e l d  m e a s u r e m e n t  of r e s i d u a l  
s t r e s s e s  in l a r g e  s t r u c t u r a l  components  of s p a c e  r o c k e t s ,  a l though no 
such  equipment  is  c o m m e r c i a l l y  ava i l ab le  a t  the  p r e s e n t  t i m e .  

52 



motor 

%y 
Source 

1 R e f l e c t i n g  Planes 

( 0 )  S c h e m a t i c  D i a g r a m  

( b )  A p p a r a t u s  

F i g u r e  22. Por tab le  X - R a y  Ditfracticlrl Eqiuipment 
W h i c h  E m p l o y s  Fi lni  M<,thod 

(Vaughai i  .ind C r ~ t c ’ s ) ~ ~  



r Goniometr ic 
Circle 

-y? 
- X - r a y  

source 

( b )  Schema4ic  D i a g r a m  

( b )  A p p a r a r u s  
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( a )  S t a t i o n a r y  ( b )  Osci l la ted 

F i g u r e  2 4 .  Improvemen t  of Diffract ion L ines  
by Osci l la t ion 

(Nor ton  and R ~ s e n t h a l ) ~ '  

F o r  m a x i m u m  a c c u r a c y ,  the su r face  of the t e s t  object  should be 
f r e e  f r o m  cold work  introduced by machining. If the su r face  i s  not in 
sui table  condition, e lec t ropol i sh ing  i s  probably the bes t  way to  condi- 
t ion i t ,  but good r e s u l t s  a r e  a l s o  obtained by etching the su r face ,  p ro-  
vided the etching does  not leave  etch pits s o  deep  that they r e l i eve  the 
s u r f a c e  s t r e s s e s .  

Visual reading  of the fi lrns can  be made.  by removing a v e r y  f ine 
c r o s s  hair  or s c r a t c h  ove r  the f i lm under good i l luminat ion.  
reading  a l s o  m a y  be m a d e  using mic ropho tomete r s .  

The 

( 3 )  X-Ray Diff rac tometer  Method. T h e  X- r;ry di f f rac t ion  
me thod  and t h t  f i lm method d i f fe r ,  i n  m o s t  c a s e s ,  only in the de t ec to r  
and the. ang!i. niadc. by the spec imen  with the X - r a y  beam.  
betwecn thc X-- ray  beam and the spec imen  su r face  is 90 dc*grc,es in 
the f i l m  niethod but i s  a n  angle of e d e g r e e s  f o r  tht. d i f f ract ion method. 

The angle 
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A counter  and a r ece iv ing  s l i t  a r e  moved along a g e o m e t r i c  c i r c l e  
to r e c o r d  the intensi ty  of the  r e f l ec t ed  beam,  as shown i n  F i g u r e  25. . 
The d i f f rac t ion  angle  is d e t e r m i n e d  as  the  angle  of the  m a x i m u m  in ten-  
s i ty .  

b. S t r a in -  Analys is  P r o c e d u r e s  - - 

Although a comple t e  s t r e s s  a n a l y s i s  would r e q u i r e  suff i -  
c ien t  da t a  to c o n s t r u c t  the e l l ipso id  def ined by the logi and i n t e r p l a n e r  
d i s t a n c e s  about a spec i f ic  a r e a  on the s p e c i m e n  ( F i g u r e  26) ,  i t  is gen-  
e r a l l y  of i n t e r e s t  to  know the s t r a i n  o r  s t r e s s  i n  a given d i r ec t ion ,  4 .  
Thus ,  the el l ipsoid r e d u c e s  to a n  e l l i p se  of which the m a j o r  and m i n o r  
a x e s ,  d+ and d,, would d i f fe r  f r o m  a given s t r e s s  r+,. 

F i g u r e  25. An E x a m p l e  of In t ens i ty  R e c o r d i n g  by a 
Coun te r  

(Vaughan and C r i t e ~ ) ~ ~  



2 Bccausc  the value of E ,  v ,  s in  +, and cot  0 arc> cons t an t  f o r  a 

9 
quickl \ -  coniputcd by mul t ip l ica t ion  of A0 by a predctcarniinable constant :  

. gi1.t.n n i a t ~ h r i a l ,  rc f lec t ing  planc,  X - r a y ,  and anglc  L/J, the  s t r e s s  u i s  

c .  Values of the E l a s t i c  Constants  

m I hr. p reced ing  cquat ions a s s u m e  i s o t r o p i c  m a t e r i a l .  In 
g c n e r a l ,  th i s  a s s u m p t i o n  i s  not valid f o r  the  individual  g r a i n s  of a 
iiic.tal evc’n \ \ - l i t ,n  i t  i s  val id  f o r  thc me ta l  as  a whole. 
\\-it11 thc, fac t  that  a di f f rac ted  b e a m  comes f r o m  only thosc  g r a i n s  having 
c e r t a i n  o r i en ta t ions  in  the spec imen ,  h a s  given r i s c  to  m u c h  unct’r-  
taint) .  conccxrning the c o r r e c t  va lues  to  use  f o r  Young’s  modu lus  and 

bel ieve that thc c,ffcctive P o i s s o n ’ s  ra t io .  SoIiit‘ i nves t iga to r s  
\ .aluvs of the cons tan ts  Liar?. \\:ith the c h e m i c a l  cornposi t ion of thr. spc,ci-  
nic’ns , thv i r  hea t  t r e a t m e n t ,  the radiat ion used ,  and  the anglc  of inci-  
dc,nct. of the rad ia t ion  on thc su r face ,  and r e c o m m e n d  that  thr. o p c r a t o r  
al\ \ .aj-s c a l i b r a t c  h i s  a p p a r a t u s  f o r  the given s e t  of condi t ions that h(, 
usc’s. ( ; t ,r tain o t h e r  in \ res t iga tors ,  including Nor ton  and h i s  co l l abora -  
tors, have  found that tlic o r d i n a r y  values  of the e l a s t i c  cons t an t s  arc’ 
sa t i s fac torb .  t o  us(’ in  X - r a y  \vork. 

Th i s  fac t ,  togc,ther 

32 5 3 ,  57, 58 

5. Determination of Residual Stresses by Measuring Stress-Sensitive Properties 

W h c  n st rc>ssc.s  t>xis t  in  nic,tals, s o m e  phys ica l  o r  n i t ‘ c h a i i i (  a1 
propcsrtic s ,  S u c h  ds thc  propagat ion spc.cxd of shear wdvt’s and hardncsss, 
a r c  c lianqc’cl. 
d c t ( ~ r r n i n i n y  rc.sidua1 s t r e s s  b) nic’asuring such  s t r v s s -  stansiti\T(, p ro-  
1:ertic s .  
pro po s ild inc ludc, u l t r a son ic  technique s and h a r d n e  s s - m cas u r i n g t t s c  h - 
n i q u c ’ s .  
thcx l a b o r a t o r )  s tage .  

I t  i s  thc,oretically possiblci to dcvc lop  tc.chniqucs f o r  

S t r c s s - m e a s u r i n g  techniques that  have  bet,n dcv(.lopcd o r  

I I o \ v t ~ v ~ ~ i - ,  none of t h e s e  t t l ihniqucs have  becn dcvc1opc.d b o )  vrid 

a .  U l t r a son ic  Techniqucs  

It h a s  been rccognizcd  f o r  some t i m c  that  vvlocity ,ind 
d t t ( s n u a t i o n  oi sound \ tdvc,b i n  d nietdl s p c ~ c i i ~ i c ~ ~ i  of t t in  c h d n g < .  \\ i i< . i i  

s t rc .sscJs  arc appl ied to the spec imen.  
th i s  phenornenon f o r  de t e rmin ing  s t r e s s e s  in mcltals. 
\ V ~ C ( ’ S  a r e  ab le  to penc t r a t c  morcx (o r  a r e  a b s o r b e d  ltxss) in m e t a l s ,  
thcx u l t r a  . ~ J : I ~ L  , \ < t v (  s a r c  m o r e  s u ~ t a b l t  than o r d i n a r y  sound waves .  

Attenipts  have been madv to us<’ 
S incc  s h o r t c r  

F i r e s t o n ?  and F r c ~ d e r i c k i 9  f i r s t  r e p o r t e d  that  the  veloci ty  of 
Raylrsigli \ V ~ V C S  was af f<  ctcd by s u r f a c e  s t r e s s e s  and F r e d e r i c k 6 ’  h a s  
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m o r e  rccent ly  r c p o r t e d  on  thc  ut i l izat ion of t h i s  phenomenon t o  m e a s u r e  
r e s idua l  s u r f a c e  s t r e s s e s .  
induccbd c h a n g v s  in the vc,locity and a t tenuat ion  of c o m p r e s s i o n a l  wave‘s 
propagat ing through a luminum.  A number  of o t h e r  i nves t iga to r s  h a v e  
rcportc,d c u p ( ~ r i n i c ~ n t a 1  rc,sults that  i l l u s t r a t e  the  s t r e s s  dependcxnce of 
u l t rasonic  vc,locity o r  attc,nuation. 

. 
Hikata ,  e t  a l . ,  61 m e a s u r e d  the s t r e s s -  

6 2 , 6 3 , 6 4 , 6 5 , 6 6  

Thc vvlocity of a n  e l a s t i c  wave ,  V ,  p ropagat ing  through a homo- 
g(’nc’ous 1,lastic mc)diurn i s  given by 

v +  , 

whcrv  C is thc  c l a s t i c  modulus  and < is  thc  dens i ty .  
diffcrcnt ia l  of the  abovc. rxquation, on(’ f inds  that  

By  tak ing  the  

v 

Eclu;ition ( 2 6 )  shows  t h a t  a f r ac t iona l  change, in  t h c  < , las t ic  inc)dulus o r  
thc donsity w o u l d  a f fcc t  thc vc.locity. ‘The, dcns i ty  of a m e t a l  changc.s 
as  a cornprcissive o r  t ens i l e  s t rc ,ss  is  app1ic.d. One  would expec t  t ha t  
the  speed would increascx whc,n comprvss iv ( .  s t r c s sc l s  arc’ appl ied  and  
the, d5,nsity i n c r i ~ a s ( ~ s .  I t  h a s  bc~cn found that s t r c s s v s  C ~ U S C  changcss 
i n  -- a n d  -- 

v a r i ( i u s  t(,c.hniqu(Js that  h a v e  bvvn proposc’d s o  f a r  f o r  dc.tcrrriining 
r ( . s i c l u i t l  strcssseas, the following two a p p c a r  t o  b c L  p roni i s ing :  

. A ( ,  A5 ar ( s h ( , a r  s t rcssc>s  will  c a u s c  no change  in T ) .  A n i o n ?  
(; 5 

The. tcchniquc. which niakcs u s e  of a s t r e s s - i n d u c e d  changct 
i n  the. anglc. o f  po la r i za t ion  o f  po la r i zcd  u l t r a s o n i c  w a v e s  

Thcs tclchniyuc. which m a k c s  u s e  of s t r e s s -  induced  changt- i n  
the. absorp t ion  o f  u l t r a son ic  wavcxs .  

6 0 
I -  - 



Polar  ir i ng C r y r t a  I 
\ Receiving C r y s t a l  

P u l s e  
R F  

Gene r a t  o r 

1 

R F  
Te s t Sa m pie A m p l i f i e r  . O s c i l l o s c o p e  

I 

The> tc.chniquc proposed  by Bra t ina  and Mills’“ i p v o l v ( . s  thc  follow- 
i n g  p r o c c d u r v s .  
applicc! c,lastic s t rc , ss  ( o r  magnet ic  f ie ld  s t  I-cxngth), a point is rc.ach(~d 
\i.hcxr(- thc. respc.ctivc, components  of thc ros idua l  and the. c ~ x t ( ~ r n a 1  s t r v s s c s  
a r e  c x q i i a l  and  opposite. Th i s  point c o r r e s p o n d s  to  a maxin iuni  i n  attc.n(ia- 
t ion.  

Bb- plotting the rc.lative attc,nuation ( d b /  L S C C )  v(xrsus 
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1). 1 Ia r d n v  s s - Mesas 11 r in 2 ’I‘ (xc hniq ue  s 

Kokubo“ p c ~ r f o r l n c ~ d  cxp t>r imen t s  on a numbc,r of m e t a l s  ‘ 
t o  S ~ O \ L .  t h c b  (’ff(.ct oi s t r a i n  on ha rdn( , s s  nie,asurc*ments.  H c  appl ied a 
b(,nding load stifficitxnt to causcl 0.  3 pe rcen t  s t r a i n  on the  o u t e r  f i b e r s  
of thc  sl)(’ciinc-ri ;ind took V i c k ( . r s  hardnc-ss  r cad ings ,  us ing  a 5-kg 
( 1  1 111) Io;rd. 0 1 1  the> niatcsrial in thc strait1c.d s t a t e .  A s u m m a r y  of h i s  
d a t a  is  I:r(’s(siitc.d in Tab lc  I V .  I t  c a n  bcl seen tha t  in a l l  C ; L S C S ,  c’xcc7pt 
f o r  t h e .  I ) r ; t s s ,  a luminuni ,  c .oppr . r ,  and  Armc-o i r o n ,  a l l  i n  thcs annc.alc,d 
< ~ o 1 1 ( l i t l o 1 1 ,  the, app1ic.d tc,iisilc s t r c , s sc s  niado thc  matcsrial  a p p e a r  5 t o  
12 i > c \ r c . ( , i i t  softcxr \vhilc the  c o m p r e s s i v c  s t r e s s c s  c a u s c d  only 0 to 3 

rcc t i i  t i r i c ,  r(’a sc, i n  a p p a r e n t  h a r d n e s  s. 
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6.  Determination of Residual Stresses by Hydrogen-Induced and Stress-Corrosion 

Crocking Techniques 

Techniques  have been  developed to  d e t e r m i n e  r e s i d u a l  s t r e s s e s  
by observ ing  c r a c k s  c a u s e d  in  the s p e c i m e n  due  t o  the  r e s i d u a l  s t r e s s e s .  
The  c r a c k s  m a y  be induced by hydrogen  o r  s t r e s s  c o r r o s i o n .  

a. Hydrogen-Induced Crack ing  Technique  Applied to  High- 
- Strength  S tee l  Spec imens  

Masubuchi  and Martin7'  inves t iga ted  the  u s e  of hydrogen-  
induced c rack ing  to s tudy  r e s i d u a l  s t r e s s e s  i n  welded jo in t s ,  e s p e c i a l l y  
i n  complex  we ldmen t s .  Welded s p e c i m e n s  w e r e  m a d e  with h e a t -  t r e a t e d  
SAE 4340 s t e e l  ( a p p r o x i m a t e  u l t ima te  t ens i l e  s t r e n g t h  w a s  260, 000 ps i ) .  
Spec imens  w e r e  then  i m m e r s e d  in  a n  e l e c t r o l y t e  and c h a r g e d  with 
hydrogen  by applying DC c u r r e n t ,  hs ing  the s p e c i m e n  as the  ca thode  
and a s e t  of l ead  s t r i p s  a s  the  anode.  The e l ec t ro ly t e  w a s  4 p e r c e n t  
su l fu r i c  acid to which w a s  added 5 d r o p s  p e r  l i t e r  of poison;  the  poison 
was  2 g r a m s  of phosphorus  d i s so lved  in 40 m i l l i l i t e r s  of CS2. 
c u r r e n t  dens i ty  ranged  between 0. 35 and 0. 8 a m p e r e  p e r  s q u a r e  inch  of 
exposed  s p e c i m e n  s u r f a c e .  Var ious  c r a c k  p a t t e r n s  that  could bc 
r e l a t e d  to r e s idua l -  s t r e s s  d i s t r ibu t ions  w e r e  obtained whcn d i f f e ren t  
s p e c i m e n s  w e r e  t e s t ed .  F i g u r e  2 9  shows the  c r a c k  p a t t c r n  obtainc.d 
in  a complex welded s t r u c t u r e  a f te r  hydrogen  cha rg ing  f o r  2 /'z h o u r s .  

The  

1 

Hydrogen- induced-cracking  t e s t s  w e r e  conducted on wvldmc~nts  i n  
a hea t -  t r e a t e d ,  low-al loy,  high-  s t r e n g t h  s t e e l  ( u l t i m a t e  tensilc,  s t r c n g t h  
w a s  about 120 ,000  p s i ) ,  the  U. S. Navy HY-80 s t e e l  ( a  quenchcd-and-  
t e m p e r e d  h igh - s t r eng th  s t c c l  with yield s t r e n g t h  o v e r  80 ,  000  p s i ) ,  atid 
c a r b o n  s tee l .  
t i m e s  were  r e q u i r e d  to produce  c r a c k s ,  and c r a c k  p a t t e r n s  were l c s s  
pronounced. 
w o r k  on a c a r b o n - s t e e l  weldment .  

When s t e e l s  of l ower  s t r e n g t h  were' usc'd, l onge r  cha rg ing  

The  hydrogen- induced-  c r a c k i n g  tcchnic1uc.s do not stem to  

b. S t r e s s - C o r r o s i o n  C r a c k i n g  Technicluc. Applied to S tee l  
S p e c in1 e n s 

Inves t iga to r s  including M c K i n ~ e y , ~ '  R z d c k e r ,  72 and 
Masubuchi  and Martin7'  have  used  s t r e s s - c o r r o s i o n  c r a c k i n g  t o  s tudy  
r e s i d u a l  s t r e s s e s  in welded jo in ts  i n  c a r b o n  s t e e l  and in  low-a l loy  
h igh - s t r eng th  s t e c l s .  F i g u r e  3 0  i s  a r a d i o g r a p h  of a but t -weldcd  s p c c i -  
m e n  in a collriiir.rcia1 hc , a t - t r ea t ed ,  low-a l loy ,  high-  s t r e n g t h  s t e e l  a f t e r  
being i m m t r s c d  f o r  3 1  h o u r s  in  a boi l ing aqueous  so lu t ion  of 60 p e r c e n t  
C a ( N 0 3 ) ~  and 4 p e r c e n t  NH4N03. 
t h o s e  obtaincd in  SAE 4340 s t e e l  s p e c i m e n s  t e s t e d  by thcx hydrogcn-  
induced cracking  technique.  

T h e  c r a c k  pattcxrn i s  qu i te  s i m i l a r  to 
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c .  Use  of Crack ing  Technique in Studying Res idua l  S t r e s s e s  I~ 

i n  Aluminum A l l o y s  

No w o r k  h a s  been r epor t ed  on the  u s e  of c r a c k i n g  techniques  
i n  s tudying r e s i d u a l  s t r e s s e s  in  a luminum a l loys .  S t r e s s - c o r r o s i o n  
c r a c k i n g ,  however ,  has been  identified with c e r t a i n  a luminum a l loys  
of the  A1-Cu, Al-Mg,  Al -Zn-Mg-Cu ,  and  Al-Si-Mg types .  73,74 F o r  
example ,  f a i l u r e s  developed in  2 days  when a s p e c i m e n  of 7079-T6  
al loy w a s  s t r e s s e d  t o  48, 000 p s i  ( 7 5  pe rcen t  of the yield s t r e n g t h )  and 
exposed  t o  the  3. 5 p e r c e n t  NaCl  a l t e rna t ive  i m m e r s i o n  t e s t .  
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Section IV. MEASUREMENT OF RESIDUAL STRESSES DURING 
FABRICATION OF METAL STRUCTURES 

T h i s  sec t ion  d e s c r i b e s  m e a s u r e m e n t  of r e s idua l  s t r e s s e s  produced  
du r ing  quenching, machin ing ,  f o r m i n g ,  and welding p r o c e s s e s .  For each  
of the above p r o c e s s e s ,  m e t h o d s  of m e a s u r i n g  r e s i d u a l  s t r e s s e s  will  be 
d i s c u s s e d  along with typ ica l  d a t a ,  e spec ia l ly  d a t a  on high-  s t r e n g t h  
a luminum a l loys .  

I 1. Residual Stresses Produced by Quenching 

With the  in t roduct ion  of h e a t -  t r e a t e d  a luminum a l loys ,  the 
p r o b l e m  of quenching s t r e s s e s  in a luminum a l loys  h a s  become  impor t an t .  

a. G e n e r a l  Na tu re  of Res idua l  S t r e s s e s  P r o d u c e d  by 
Quenching - 

___- 

When a round b a r  is  quenchcd ,  f o r  example ,  the outer 
l a y e r  cools  more  quickly than the  c o r e .  
s h r i n k s  on  thc c o r e  which h a s  not yet begun to  c o n t r a c t ,  i. e . ,  the  ou te r  
l a y e r  is  submit ted e i t h e r  to e l a s t i c  s t r a i n  o r  to  o v e r - s t r a i n i n g .  A s  a 
r c s u l t  of the subscquent  cooling of thc c o r e ,  a s t a t e  of c>cluilibrium i s  
nevt  s e t  up  between the s t r e t c h e d  outctr zone and the c o m p r e s s e d  c o r e .  
In tinlt., Looling of the c o r e  cont inucs ,  and the c o r c  i s  t h c r e b y  subjcc ted  
to tcns ion .  The  ou tc r  l a y e r  will  experience% compress ive ,  r e s i d u a l  
s t resscxs.  
on var ious  f a c t o r s  including the t empc>ra tu r ( \  h i s t o r y ,  the  m a t e r i a l  
p rop ( . r t i e s  (thcxrrricll conduct ivi ty ,  the coc%ffi( ic,nt of expans ion ,  c t c .  ) ,  
and g e o m e t r y  of the spc,cimen. 

Consc,quclntly, the outctr 1ayc.r 

The magni tude  and d i s t r ibu t ion  of r e s i d u a l  strcassc,s depend 

b. Examples  of M e a s u r c m c ~ n t  o f  Qucxnching S t r e s s e s  in  
Alumi num A 1 1 o y s 

Kc~sidual  strc,ssc,s produced  i n  a l u m i n u m  a l loys  d u r i n g  
quenching hciv(’  bc(>n studic.d b y  i n v c s t i g a t o r s  including Wasserniclri, 
B r i ck ,  c x t  al. , 76 and %(.cr ledc.r .  77 W a s s c r n i a n  and B r i c k ,  c x t  al .  , usc~d 
X -  r a y  diffrdc tion tc>chniqucs to  n i c a s u r e  r e s idua l  s t r e s s e s ,  while, 
Z v e r 1 ed (, r 11 s c,d a s t r c> s s - r c.1 axa  t io  n t c x  c h ni q up. 

________ -- - 

75 
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s u r f a c e ,  and tens i le  s t r e s s e s  w e r e  produced i n  the c e n t r a l  a r e a s .  
I n c r e a s i n g  t e m p e r a t u r e  of the quenching bath r educed  r e s i d u a l  s t r e s s e s ,  
as shown i n  F i g u r e  3 1 .  

1.93 1.5 1.0 0.5 0 0.5 1.0 1.5 1.93 
Diameter, in. 

Note: 
( 1.97 in. in Diameter, Water Ouenched 

from 97OoF; Aged 24 Hours a t  12OoF 
W i t h  I-Second Cooling Period Before 
Quenching ) 

F i g u r e  31. Longitudinal Residual  S t r e s s e s  in  a Vional D 
Ext ruded  B a r  

(Zee r l ede r )77  

2. Residual Stresses Produced by Machining 

It has been  known that highly loca l ized  r e s i d u a l  s t r e s s e s  
e x i s t  i n  thin l a y e r s  n e a r  the sur face  p r e p a r e d  by v a r i o u s  machin ing ,  
s h o t  blast ing,  and gr inding operat ions.  B e c a u s e  of the highly loca l -  
i z e d  n a t u r e  of t h e s e  r e s i d u a l  s t r e s s e s ,  the X - r a y  diffract ion techniques 
a r e  the only techniques that  have been u s e d  f o r  m e a s u r i n g  t h e s e  
s t r e s s e s .  

33 

78, 79 
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F r o m m e r  and Lloyd78 m a d e  X - r a y  s tudies  of r e s i d u a l  s t r e s s e s  
produced  du r ing  mach in ing  of the a luminum a l loys  Y al loy and  Hiduminium 
R R  56.::: Table  V s u m m a r i z e s  the e x p e r i m e n t a l  r e s u l t s .  High c o m p r e s -  . 
s ive  s t r e s s e s  w e r e  produced  i n  thin l a y e r s  n e a r  the su r face .  
" thickness  of c o m p r e s s i v e  s t r e s s  layer"  quoted i n  the table  ind ica tes  
the depth of etching n e c e s s a r y  to  obtain prac t ica l ly  z e r o  s u r f a c e  s t r e s s .  
The  approx ima te  th ickness  of the c o m p r e s s i v e  l a y e r  r anged  f r o m  0 .025  
i n c h  f o r  shot blast ing to p rac t i ca l ly  z e r o  f o r  s u r f a c e  mil l ing.  

The 

3. Residual Stresses Produced by Forming 

It h a s  been  known that  s t r e s s e s  r e m a i n  a f t e r  a m e t a l  p a r t  is 
80, 81,82,83, 84 i a r r n e d  by bending o r  p 'ressing and then f reed .  

a. G e n e r a l  Na tu re  of Res idua l  S t r e s s e s  P r o d u c e d  by 
Forming- 

Curve  BAOCD in  F i g u r e  32 r e p r e s e n t s  the longitudinal 

When a b e a m  is f o r m e d  and is  s t i l l  
s t r e s s  dis t r ibut ion in  a b e a m  of r e c t a n g u l a r  sec t ion  and unit width 
bent by pure bending moment .  
unde r  the bending load,  the  o u t e r  f i b e r s  of the b e a m  have  yielded 
plast ical ly  on  both the tens ion  and the c o m p r e s s i o n  f a c e s ,  as indicated 
by BA and CD. When the b e a m  is r e l e a s e d  f r o m  the bending m o m e n t ,  
e l a s t i c  spr ingback o c c u r s  and the f inal  s t r e s s  d i s t r ibu t ion  through the 
b e a m  is a c o m p r e s s i v e  s t r e s s  on the tens ion  f ace  and a t ens i l e  s t r e s s  
on the c o m p r e s s i o n  face ,  having changed s i g n  t h r e e  t i m e s  through the 
sec t ion ,  a s  shown by c u r v e  FEOGH i n  F i g u r e  32. 
r e s i d u a l  s t r e s s e s  depends  l a r g e l y  on the m e c h a n i c a l  p r o p e r t i e s  of the 
m a t e r i a l  a t  the t i m e  of bending, by the d e g r e e  of bend, and the g e o m e t r y  
of the section. 

80 

The  value of t h e s e  

b. E x a m p l e s  of M e a s u r e m e n t  of R e s i d u a l  S t r e s s e s  in  
Aluminum Allovs 

Yene4 invest igated r e s i d u a l  s t r e s s e s  due t o  room-  

F i g u r e  33(a)  shows longitudinal r e s i d u a l  s t r e s s e s  in  a n  
t e m p e r a t u r e  f o r m i n g  of s t r u c t u r a l  s e c t i o n s  s u c h  as ang le s ,  t e e s ,  and 
channels .  
angle a f te r  i t  w a s  f o r m e d  t o  a f i n a l  r a d i u s  of 90 i n c h e s ,  which  F i g u r e  
33(b) shows r e s i d u a l  s t r e s s e s  i n  a channel  f o r m e d  to  a f ina l  r a d i u s  of 
56l/4 inches.  Both s e c t i o n s  w e r e  m a d e  of 7075 a l u m i n u m  alloy. 

:::Y alloy-:  J. 5-4. 5 Cu, 1. 2- 1 .  7 Mg, 1. 8- 2. 3 Ni, 0 - 0 .  2 Ti.  
Hiduminium R R  56: 2 cu, 1 .  25 Ni, 1. 2 F e ,  0. 8 Mg, 0. 08 T i ,  0 .6  Si. 
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S u r f a c e  S t r e s s e s  _--- ---_-___ 

M e a s u r e m e n t  Obtained At 
- 

Actual s u r f a c e  (unetched)  

Brought  on by Oper;  - - - _ ~ _ _  

~ 0. 006 in.  beneath or ig ina l  
s u r f a c e  

0. 005 in. benea th  or ig ina l  
s u r f a c e  

Actual  s u r f a c e  of b a s e  of 
r e c e s s (une t ched)  

Actual  s u r f a c e  (unetched)  

Actual  s u r f a c e  (unetched)  

Actual s u r f a c e  of s idewall  

Actual s u r f a c e  of s idewal l  

0. 006 in. benea th  o r ig ina l  
s u r f a c e  

S t r e s s  Sum 
(Compr e s s ive) ,  

( tons / in. 2, 
- - - - ~ _ _ _ _ _  

3 . 3  

7. 2 

20. 7 

6 . 9  

Nil 

Nil 

14. 7 

16.5 

22.5 

ion __--- 
Ap p r oxirn a t  e 
T h i c k n e s s  of 
C omF r e  s s iv  e 
Stress L a y e r ,  

( in.  ) 

-0 .002  

-0 .015 

-0.024 

> O .  004 
<O. 015 

Nil  

Nil  

-0 .006  

-0.011 

-0.025 

Alloy 

RR 56 

Y al loy 

RR 56 

RR 56 

RR 56 

RR 56 

R R  56 

Y al loy 

R R  56 
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T a b l e  V. Su rvey  of Magnitude of C o m p r e s s i v e  S u r f a c e - L a y e r  S t r e s s e s  Induced by 
V a r i o u s  Machining O-perations and b y  Shot Blast ing ( F r o m m e r  & Lloyd)78 

Type of 
Ope r a t ion  

Turning  

Re c e  s s i n g  

Surface mi l l ing  
[ c u t t e r  not  en- 
z losed by mater- 
ial of job)  

Milling of s lo t s  
and g r o o v e s  
[ c u t t e r  e n c l o s e d  
by m a t e r i a l  of 
job) 

Shot b las t ing  

--- Ope ra t ion  

Desc r ip t ion  

Flat s u r f a c e  faced off with f ine 
f inishing cut 

Cyl indr ica l  sur face  t u r n e d  with 
rough cut  

Su r face  faced off under  condi- 
t ions producing cha t t e r  m a r k s  

R e c e s s  m a d e  with f la t -bot tom 
d r i l l  (l /2 in. d i a )  

Flat s u r f a c e  s i d e - m i l l e d  with end 
mill (2 in. long, /8  in. d i a )  

Flat s u r f a c e  m i l l e d  with s t r a d d -  
l ing mill (6 in. d ia ,  /8  in.  wide) 

T a p e r e d  groove (7/8 in. deep ,  
5l/4 in.  long) m a d e  with 7 -degree  
angle cu t te r  ( /16 in. d i a )  

Arc - shaped  g roove  sunk with f o r m -  
ed ,  sp i ra l - f lu ted  mi l l ing  cu t t e r  
( t a p e r e d  4 - d e g r e e ,  max. cutt ing 
d i a  0. 455 in. ) 

Flat sur face  f a c e d  off on  la the 
(fine finishing cut)  and t h e n  
shot- blasted 

3 

5 

7 

--__--_______ 
Machining Da ta  

Cutting 
Speed 
( 'Pm) 
-- 

- 

375 

- 

2 90 

220 

220 

220 

1700 

F e e d  (in. / r e v )  

-0 .0015  

-0 .012  

-0.005 

-0 .010 

-0.010 

-0.010 

Rough cut  0.05 
F i n e  cut  0 . 0 1  

Depth of 
Cut (in. ) 

- 0 . 0 0 0 5  

-0.050 

-0 .  125  

-0. Is25 

- 7/?.2 

0 .010-0 .020  

D i a m e t e r  of s t e e l  shot = 0. 040 in .  
A i r  p r e s s u r e  i n  m a i n s  -30 p s i  
T h r o t t l e  at "half p re s su re ! !  

- 

NOTES: 
All d a t a  r e f e r  t o  s p e c i m e n s  which w e r e  fully heat t r e a t e d  before  the ope ra t ion  quoted. 

When s e v e r a l  s i m i l a r l y  machined s p e c i m e n s  w e r e  examined ,  the h ighes t  s t r e s s  values  
obtained a r e  quoted in the table .  

T h e  stress va lues  quoted r e f e r  to the  i m m e d i a t e  s u r f a c e  when  m e a s u r a b l e  X- r a y  
p a t t e r n s  w e r e  obtainable f r o m  that su r f ace ;  o t h e r w i s e  they r e f e r  to  tha t  s t r a t u m  
benea th  the s u r f a c e  (exposed by etching)  w h e r e  f i rs t  m e a s u r a b l e  p a t t e r n s  could be 
obtained. 

T h e  " th i ckness -o f -compress ive -  s t ress  l a y e r "  quoted ind ica tes  the  depth of etching 
ne c e s s a r y  t o  obtain p rac t i ca l ly  ' I  s t r e s s - f r e e" pat te  r n  s , 



I .  

Corn pressi on Tens ion 

- 1 -  E B 

I D 

Bending 

F i g u r e  32. F o r m a t i o n  of Residual  S t r e s s  by Bending a B e a m  

The  r e s i d u a l  s t r e s s e s  w e r e  de t e rmined  by a sec t ion ing  technique. 
length of the sec t ion  was  m a r k e d  into m a n y  p a r a l l e l  s t r i p s ,  and the 
length of each  s t r i p  w a s  m e a s u r e d  a f t e r  fo rming ,  Then  the sec t ion  
w a s  s l i t  along the p a r a l l e l  m a r k s  into thin s t r i p s ,  and the  lengths  w e r e  
m e a s u r e d  again.  The a v e r a g e  longitudinal s t r e s s ,  crx, i n  e a c h  s t r i p  
w a s  d e t e r m i n e d  

The 

w h e r e  

Lo = the  length before  s l i t t ing 

L = the length a f t e r  sl i t t ing 

Yen a l s o  ca lcu la ted  r e s i d u a l - s t r e s s  d i s t r ibu t ions  b a s e d  on the  theory  of 
p las t ic i ty .  Calculated va lues  coincided well  with the obse rved  va lues .  

H a ~ k e s ~ ~  used  an  X - r a y  back- ref lect ion technique to  m e a s u r e  the 
s u r f a c e  r e s idua l  s t r e s s e s  in  b a r s  and shee t s  r e su l t i ng  f r o m  the cold 
and hot  f o r m i n g  of high- s t r eng th  a luminum a l loys  ( B r i t i s h  spec i f ica t ions ,  
D T D  683, DTD 687, and B. S. S. L65).  
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CALCULATED 
TEST DATA DUPLICATE 

c 

Angle 
Channel 

." 
Rf = 56.2 

, 7:2\ . L L * s c A  , 

-60 -40 -20 0 +20 +40 t60 -60 -40 -20 0 t20 t40 t60 
ksb- - . (  k s b 4  

DIMENSIONS AND SECTION PROPERTIES 

h, in.  w ,  in. 1 , In .  x . in.  A,in? I , in? 

1.500 1.250 0.125 0.444 0.327 0.0696 
1.250 2.375 0.375 0.389 0.657 0.1210 

RESIDUAL STRESS,1000 psi  RESIDUAL STRESS, 1000 psi  

( a )  Angle ( b )  Channel 

. I  

15 in. 

N O T E  : LONGITUDINAL BENDING PLANE I S  PARALLEL 
TO THE HEIGHT h. SKETCHES ARE NOT TO 
SCALE.  

F i g u r e  33. R e s i d u a l  S t r e s s e s  P r o d u c e d  by Bending of a n  
Angle and Channel  in  7075 T6 

(Y en)84 

4. Residual Stresses Produced by Welding 

Welding is one of the m a j o r  f a b r i c a t i o n  p r o c e s s e s  that  p ro-  
duce  s t r e s s e s  i n  m e t a l  s t r u c t u r e s .  

a.  G e n e r a l  Na tu re  of R e s i d u a l  S t r e s s e s  P r o d u c e d  by Welding - 

The  r e s i d u a l  s t r e s s e s  i n  a welded  joint  a r e  c a u s e d  by the  
contract ion of the weld m e t a l  and the p l a s t i c  d e f o r m a t i o n  p roduced  i n  
the b a s e - m e t a l  r eg ion  n e a r  the weld. R e s i d u a l  s t r e s s e s  in  a welded 
joint  a r e  c lass i f ied  as " r e s i d u a l  welding s t r e s s "  which o c c u r s  in  a joint  
f r e e  f r o m  any e x t e r n a l  cons t r a in t ,  and " r e a c t i o n  s t r e s s "  (or  locked- in  
s t r e s s " )  which i s  induced by a n  e x t e r n a l  cons t r a in t .  



( 1 )  Res idua l  S t r e s s e s  in  But t -  Welded Jo in t s .  A typ ica l  
d i s t r ibu t ion  of r e s i d u a l  s t r e s s e s  i n  a but t  weld i n  shown i n  F i g u r e  34. 
The  s t r e s s e s  of c o n c e r n  a r e  those  pa ra l l e l  to  the  weld d i r ec t ion ,  
des igna ted  ux, and those  t r a n s v e r s e  to the  weld,  des igna ted  u Y '  

The  d i s t r ibu t ion  of the u x  res idua l  s t r e s s  a long a l ine  t r a n s v e r s e  
to the  weld is  shown i n  F i g u r e  34(b) .  
tude  a r e  Froduced  in  the  reg ion  of the weld ;  t h e s e  t a p e r  off raFidly 
and become  c o m p r e s s i v e  a f t e r  a d i s t ance  of s e v e r a l  t i m e s  the  width 
of the weld.  
t o  the  d i r e c t i o n  of weld ,  and the  ad jacent  p la te  m a t e r i a l  is prevent ing  
th i s  sh r inkage .  
of the  weld is  shown in F i g u r e  34(c) .  
r e l a t ive ly  low magni tude  a r e  produced in  the  m i d d l e  of the joint ,  and 
c o m p r e s s i v e  s t r e s s e s  a r e  o b s e r v e d  a t  the end of the joint .  

T e n s i l e  s t r e s s e s  of high magn i -  

The  weld m e t a l  and hea t -a f fec ted  zone  a r e  t ry ing  to s h r i n k  

T h e  d is t r ibu t ion  of u r e s i d u a l  s t r e s s  along the length  Y 
A s  shown, t ens i l e  s t r e s s e s  of 

If the  con t r ac t ion  of the  joint  is r e s t r a i n e d  by a n  e x t e r n a l  con- 

T e n s i l e  s t r e s s e s  approximate ly  unif0r.m along the  weld a r e  
s t r a i n t ,  the  d i s t r ibu t ion  of uy is  as  shown by the  b roken  l ine  i n  F i g u r e  
34(c) .  
added as  the r eac t ion  s t r e s s .  An ex te rna l  cons t r a in t ,  however ,  has 
l i t t l e  in f luence  on the  d is t r ibu t ion  of ux r e s i d u a l  s t r e s s e s .  

(2)  Res idua l  S t r e s s e s  in  Spot- Welded Jo in t s .  D i s t r ibu -  
t ions  of r e s i d u a l  s t r e s s e s  i n  spot-welded jo in t s  a r e  v e r y  dependent  on 
the weld  p a t t e r n  used .  The  s i m p l e s t  c a s e  to  c o n s i d e r  is  the r e s i d u a l  
s t r e s s  due  to  a s ingle  spot  weld.  The components  of s t r e s s  which a r e  
of m o s t  c o n c e r n  a r e  those  i n  the  rad ia l  d i r ec t ion ,  ur, and those  i n  the 
c i r c u m f e r e n t i a l  d i r ec t ion ,  me. 
s t r e s s e s  a re  t ens i l e  and a r e  as  high as  the y ie ld  s t r e s s .  
weld zone ,  r a d i a l  s t r e s s e s  a r e  tensi le  and c i r c u m f e r e n t i a l  s t r e s s e s  
a r e  co .mpress ive ,  both approaching  z e r o  as the  d i s t a n c e  f r o m  the weld 
i n c r e a s e s .  Concen t r a t ed  r e s idua l  s t r e s s e s  of ten e x i s t  i n  a r e a s  c l o s e  
to the  o r i g i n a l  i n t e r f a c e  of the shee ts .  

Inside the  weld zone ,  both ur and u e  
Outs ide  the  

b. Res idua l  S t r e s s e s  and  Shr inkage  i n  Weldments  i n  Alumi-  
n u m  Alloys 

- --- 

Only l imi t ed  informat ion  is  ava i l ab le  on r e s i d u a l  s t r e s s e s  
85, 86, 87, 8 8  and d i s t o r t i o n s  i n  we ldmen t s  i n  a luminum a l loys .  

Hilla6 inves t iga t ed  r e s i d u a l  s t r e s s e s  i n  butt  j o in t s  i n  Alloy 5456-H321 
p la t e s  we lded  by the i n e r t - g a s -  shielded a r c  welding using Alloy 5556 
c o n s u m a b l e  e l e c t r o d e s .  
tudinal  r e s i d u a l  s t r e s s e s  in  a '/2 x 36 x 48- inch  panel  by welding two 
/ z  x 18 x 48- inch  p la tes .  Var ia t ion  i n  yield s t r e n g t h  of the  m a t e r i a l  

F i g u r e  35 shows a typica l  d i s t r ibu t ion  of longi- 

1 
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. 
with d i s t a n c e  f r o m  the cen te r l ine  of weld is a l s o  shown. The r e s i d u a l  
t ens i l e  s t r e s s e s  in  and ad jacent  to  the weld a p p r o a c h  the yield s t rength .  
T h e s e  tens i le  s t r e s s e s  a re  confined to  the r eg ion  i n  which  the h e a t  of 
welding has lowered  the yield s t rength  of the m a t e r i a l .  

F i g u r e  35. Dis t r ibu t ion  of Yield Strength and Res idua l  S t r e s s e s  
i n  a Longitudinally Welded 5456-H321 P l a t e  36 Inches  

Wide and  '/2 Inch Thick  

(Hill)  86 

(1)  T r a n s v e r s e  Skrinkage. CapelB7 inves t iga ted  shr ink-  
age  t r a n s v e r s e  t o  the weld which o c c u r r e d  du r ing  butt  welding (60-  
d e g r e e  vee ,  no root  gap) two 0 .24  x 6 x 20-inch p l a t e s  i n  a luminum,  
s t a i n l e s s  s t e e l ,  and c a r b o n  s tee l .  The a l u m i n u m  pla tes  w e r e  welded 
by the i n e r t - g a s  t u n g s t e n - a r c  welding, w h e r e a s  s t a i n l e s s  s t ee l  and 
c a r b m -  s t e e l  p la tes  w e r e  welded with c o v e r e d  e l e c t r o d e s .  
v e r s e  s h r i n k a g e  w a s  given by the following f o r m u l a s :  

The  t r a n s -  
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2 0 . 4  w 10, 
A t  ( a luminum)  = s x u  

22.7  w 10, 
s x  u A P  ( s t a i n l e s s  s t ee l )  = 

1 7 . 4  w i o 3  
Ak ( c a r b o n  s t ee l )  = s x u  Y 

A Q  = t r a n s v e r s e  shr inkage ,  mm 

W = V x I, V, i s  a r c  voltage,  vo l t s ,  and  I i s  a r c  c u r r e n t ,  
a m p e r e s  

S 

U = welding speed,  c m / m i n .  

= th ickness  of l a y e r  of weld m e t a l ,  mm 

CapelE7 ment ioned  that  the l a r g e  sh r inkage  of a l u m i n u m  w a s  caused  
m a i n l y  by the low welding speed in  c o m p a r i s o n  with tha t  of the c o v e r e d  
e l e c t r o d e s  . 

c. R e s i d u a l - S t r e s s  M e a s u r e m e n t s  Dur ing  Welding 

S e v e r a l  a t t e m p t s  have  been  m a d e  to  m e a s u r e  s t r e s s  
changes  that take place du r ing  welding; s u c h  a t t e m p t s  include o b s e r v a -  
t ion of s t r a i n  changes  using h i g h - t e m p e r a t u r e  e l e c t r i c -  r e s i s t a n c e  s t r a i n  
gages  mounted on the s u r f a c e  of p la tes  being welded. However ,  t h e s e  
a t t e m p t s  have not yet  provided useful  i n f o r m a t i o n  p r i m a r i l y  b e c a u s e  
of diff icul t ies  i n  analyzing e x p e r i m e n t a l  da ta .  
obse rved  on an e l e c t r i c - r e s i s t a n c e  s t r a i n  gage,  P R Y  is composed  of 

I 

T h e  r e s i s t a n c e  change  

AR = AR, (E') t ARz (E") t AR, (ET) t AR4 (T) , ( 2 8 )  

where  

A R 1  ( E ' )  i s  the r e s i s t a n c e  change  tha t  c o r r e s p o n d s  to  the 
e l a s t i c  s t r a i n ,  E', f r o m  which  s t r e s s e s  c a n  be c o m -  
puted 



AR, ( E  ) is the  r e s i s t a n c e  change tha t  c o r r e s p o n d s  to  the T 
t h e r m a l  s t r a i n  caused  by the t e m p e r a t u r e  change 

AR4 (T)  i s  the  change in r e s i s t a n c e  caused  by the  change in 
t e m p e r a t u r e .  

I t  is v e r y  diff icul t  t o  d e t e r m i n e  AR, ( E ' )  f r o m  the m e a s u r e d  r e s i s t a n c e  
change,  A R .  

S t r a i n  change dur ing  welding can be m e a s u r e d  i n  s o m e  appl ica-  
t ions  i n  which A R 2  ( E " ) ,  AR, ( e T ) ,  and AR4 ( T )  a r e  negligible.  
e t  al. , 89 used  cons t ra ined  jo in t s ,  a s  shown in  F i g u r e  36, t o  s tudy 
c r a c k i n g  under  h indered  contract ion.  
produced i n  the  cons t ra in ing  b a r  \vas m e a s u r e d  by s t r a i n  gages  mountcd 
on the  b a r .  
36(c) w e r e  u s e d ,  t he  l a t t e r  being designed to  c a u s e  a bending m o m e n t  
as  wel l  as  a s e p a r a t i n g  f o r c e  to  be imposed  upon the t e s t  weld. Accord-  
ing to  the  i n v e s t i g a t o r s ,  the  9- inch  moment  spec imen  w a s  m o r e  su i t ab le  
than the  p u r e  t r a n s v e r s e  loading-type s p e c i m e n  fo r  studying weld c r a c k -  
ing. 
moment - type  s p e c i m e n s  m a d e  i n  the U. S. Navy HY-80 s t ee l .  The  
s e p a r a t i n g  f o r c e  of the U - b a r  was calculated f r o m  the s t r a i n  m e a s u r e d  
o n  the b a r .  
nitude of s e p a r a t i n g  f o r c e  and on cracking  under  the r e s t r a i n e d  condi- 
tion. 
s e p a r a t i n g  f o r c e ,  s i n c e  c racking  reduces  r e s idua l  s t r e s s e s .  With 
suf f ic ien t ly  h igh  p r e h e a t ,  t h e r e  w a s  no c rack ing .  With no p r e h e a t ,  
c r a c k i n g  took p l ace  in 15 minu tes  a f t e r  the s tar t  of welding. With a 
2 0 0 ° F  p r e h e a t ,  c r a c k i n g  w a s  delayed m o r e  than 1 /L h o u r s .  

T r a v i s ,  

Tht. changc of rc,action s t r e s s e s  

Two types of spec imens  as  shown i n  F i g u r e s  36(b)  and 

F i g u r e  37 shows examples  of e x p e r i m e n t a l  r e s u l t s  obtained on the  

The  f i g u r e  i l l u s t r a t e s  the c,ffects of p r e h e a t  on the m a g -  

O c c u r r e n c e  of weld c r a c k i n g  i s  noticed by d e c r e a s e  in  the 

1 

d. M e a s u r e m e n t  of E la s t i c  and P l a s t i c  S t r a i n s  i n  A r e a s  
N e a r  the Weld 

Using the Gunner t  s t r a i n  i n d i c a t o r ,  as shown i n  F i g u r c  1 3 ,  
Masubuchigo '  91 m a d e  a n  invest igat ion of the d i s t r ibu t ion  of e l a s t i c  and 
p l a s t i c  s t r a i n s  in  a r e a s  n e a r  the  weld. The spticinicJn \ v a s  a sl i t- typc,  
weldment  in c a r b o n  s t ee l ,  as  shown in F i g u r e  38 ;  a double-vee s l i t  
1 0 - i n c h e s  long w a s  m a d e  by machining i n  a p la te  /4 x 31 x 43  i n c h e s ,  
and the  s l i t  \vas  \x.clded with covered  electrodes. F i g u r e  38 a l s v  s h o w s  

l oca t ions  of s t r a i n - m e a s u r i n g  points. 
po in ts ,  s t r a i n - m e a s u r i n g  d e p r e s s i o n s ,  a s  shown in  F i g u r e  1 3 ,  w e r e  
p r e p a r e d  p r i o r  t o  &,elding on the  spcc imcn  surfacc, and d i s t a n c e  between 
the  dc , i r (  ss:;ns \vYerc m e a s u r e d .  

3 

F o r  e a c h  of the m e a s u r i n g  

After thc  spec imen  w a s  welded ,  the 
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TEST 

STRUCTURAL WELD 

MATERIAL: I" COLD ROLLED STEEL PLATE. 

( a )  Pinned End V-Bar Apparatus 

-7 I f '  i- t 
I- 

7 9 I '  

- 
1 

DIA. HOLE 

(b) Specimen Design 
For Pure Transverse 
Lo  a ding. 

1 1 Plate Thickness f' 

, I '  

I DIA. HOLE-' 2 

( c )  Nine- Inch Moment Arm Specimen Design. 

Note : Other apparatus design8 including the horizontal lever arm aPParatqS 
and the fixed-end V-bar apparatus also were used. 

F i g u r e  3 6 .  Cons t r a ined  Joint  to  Study C r a c k i n g  Under  
Hinde red  C o n t r a c t i o n  

( T r a v i s ,  e t  al. ) 8 9  
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1 1 1 1 1 1 1 1 1 1  I 1  

- 
390° F PREHEAT 
(NO CRACKINO) L 

- 
ZOO0 F PREHEAT- ?: VISIBLE CRACKING 

VISIBLE CRACKING 

\ 
PREHEAT (70' F) - 

0 A I: I: I:, :I :4 2: ;o'*%o 

Chemical Comparison (percent) of the Bass and the Filler Metal 

Plate A 

Filler Metal A 

C Mn Si S P Mo Cr V 

0.29 1.73 0.22 0.020 0.018 0.48 - - 

0.35 1.00 0.45 0.020 0.020 - 1.10 0.18 

F i g u r e  37. Change of Separa t ing  F o r c e  After  Welding 
i n  9-Inch A r m  Specimen i n  HY - 80 S tee l  

( T  I-avj s ,  et a l f9  

t' It 
-t- I* I I 

800 

t -470 -4 .- 1200 -~ -~ 

F i g u r e  38. G e n e r a l  View of Sli t-Type Spec imen  and Locat ion 
of R e s i d u a l - S t r e s s  Measur ing  Po in t s  

(Values  a r e  Shown i n  M i l l i m e t e r s )  

( M a s ~ b u c h i ) ' ~  
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. 
d i s t a n c e s  between the d e p r e s s i o n s  w e r e  m e a s u r e d  to d e t e r m i n e  s t r a i n s  
produced  by welding. 
ta in  both e l a s t i c  and p las t ic  s t r a i n s ,  p a r t i c u l a r l y  i n  a r e a s  n e a r  the * 

weld,  the e l a s t i c  p a r t  of the s t r a i n  a l s o  w a s  m e a s u r e d  by the re laxa t ion  
me thod  using the Gunner t  c o r e  d r i l l .  

Since the s t r a i n  produced  by welding m a y  con- 

F i g u r e  39 shows d is t r ibu t ions  of s t r a i n s  produced  by welding. In  

Y' 
th i s  f igure ,  the values  of I d e t e r m i n e d  with s t r a i n  components  (eX, E 

and yxy) by the following equat ion are plotted: 

w h e r e  

r '  = G yxy. 
XY 

As known f r o m  Equat ion  (29) ,  the  values  m;, m 1  
of a n  appa ren t  s t r e s s  a s s u m i n g  tha t  the  s t r a i n  ( E ~ ,  

e l a s t i c .  
i s  

and  T '  a r e  componen t s  

Accord ing  to M i s e s ,  the yield condition i n  a p l a n e - s t r e s s  s t a t e  

X Y  
and yxy) is 

Y' 

Y '  
I = u  

whcxre r y  is  the yield s t r e s s  of the m a t e r i a l .  
a s  a m e a s u r e  to d e t e r m i n e  w h e t h e r  o r  not the  m a t e r i a l  a t  a spec i f i c  
posi t ion h a s  undergone  p las t ic  d e f o r m a t i o n  d u r i n g  welding. 
believed that the r e g i o n  h a s  undergone  p las t ic  d e f o r m a t i o n  when the 
value of I is l a r g e r  than the  value of uy. 

T h e r e f o r e ,  I c a n  be u s e d  

I t  is  

F i g u r e  39 shows that the value of I w a s  g e n e r a l l y  l a r g e  in  r eg ions  
C u r v e s  of equal  I va lue  (equi - I  c u r v e s )  a l s o  a r e  shown n e a r  the weld. 

in F i g u r e  39(c) .  
t o  the yield s t rength  ( 2 1  k g / r n m 2  o r  30,  000 p s i )  was about 55 mm 
(Z5/32 i n . ) ,  and the pene t ra t ion  of the p l a s t i c  r e g i o n  beyond the end of 
the weld w a s  about 50 mm ( 2  i n . ) .  

The  half b r e a d t h  of t he  p las t ic  r e g i o n  tha t  c o r r e s p o n d s  

The  v a l u e s  of I ,  due only to e l a s t i c - s t r a i n  r e c o v e r y  (Ie), w e r e  
obtained (b roken  l i nes  in  F i g u r e  39) and  c o m p a r e d  with those  d e t e r -  
mined  with s t r a i n  caused  by welding. No d i f f e r e n c e  be tween the va lues  
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F i g u r e  39. Dis t r ibu t ion  of I a s  Calcu la ted  f rom S t r a i n  
P r o d u c e d  by Welding. S e e  E q u a t i o n  (29)  

(Masubuchi)’’ 
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I and 1, was o b s e r v e d  i n  the a r e a  outs ide  the above-ment ioned  p l a s t i c  
reg ion;  however ,  the  va lues  of I, w e r e  m u c h  lower  than  those  of I i n  
the  p las t ic  reg ion .  . 
35 kg /mrn2  (50 ,  000  ps i ) .  Since the yield s t r e s s  of the  weld m e t a l  is  
be tween 38 and 43 k g / m m 2  ( 5 4 ,  000 and 61 ,000  ps i ) ,  the  s t a t e  of r e s i -  
dua l  s t r e s s  i n  the  weld m e t a l  w a s  probably  n e a r  the  yield condition. 

The  va lues  of 1, on the weld m e t a l  w e r e  about  

e .  M e a s u r e m e n t  of Degree  of C o n s t r a i n t  of a Welded Jo in t  

In the welding f ab r i ca t ion  of m e t a l  s t r u c t u r e s ,  e s p e c i a l l y  
those  made  in  high- s t r e n g t h  m a t e r i a l s  that  a r e  usua l ly  suscep t ib l e  to 
c rack ing ,  c a r e  m u s t  be  t a k e n  so  tha t  j o in t s  a re  not  c o n s t r a i n e d  beyond 
a c e r t a i n  limit. During the  f ab r i ca t ion  of complex  s t r u c t u r e s ,  however ,  
s o m e  jo in ts  m a y  have  t o  be welded unde r  a s e v e r e  cons t r a in t .  In  s u c h  
c a s e s  i t  i s  qu i te  useful  to  d e t e r m i n e  the  d e g r e e  of c o n s t r a i n t  of the  
joint .  
s t r a i n t  of v a r i o u s  types  of welded jo in ts .  

Inves t iga t ions  have  been m a d e  to  de te r .mine  the d e g r e e  of con- 

F i g u r e  40 shows a s i m p l e  butt  joint  ( length:  L) r e s t r a i n e d  by a 
s e t  of sp r ings .  When t ens i l e  s t r e s s ,  coy un i fo rmly  d i s t r ibu ted  along 
the weld,  o r  total  load ,  P = croL, i s  needed to  c a u s e  t r a n s v e r s e  s h r i n k -  
age ,  6 ,  the d e g r e e  of c o n s t r a i n t  ( t he  s p r i n g  cons t an t  of the c o n s t r a i n t ) ,  
K ,  c a n  be def ined a s  

Masubuchi” appl ied the  above i d e a  to  a s l i t - t ype  s p e c i m e n ,  as 
shown i n  F i g u r e  41. 
x = XI  and x2 ( s l i t  length,  L; weld length ,  e =  x1-x2), the  d e g r e e  of 
cons t r a in t ,  K ,  c a n  be given by [ re fer  t o  F i g u r e  41(aj)  

When welding i s  done i n  a p a r t  of the s l i t  be tween 

T T E  1 
2 L  L F J  

K = - - .  _ . _  

whc r c 

L 
2 x1 = - c o s  0, 
I 

L 
xz = - C O S  e,. 2 



I I 

rL-I c o  K =  7 

F i g u r e  40. Definit ion of D e g r e e  of Cons t r a in t ,  K ,  of a S imple  
Butt Jo in t  Cons t r a ined  by a Se t  of Sp r ings  

The phys ica l  m e a s u r i n g  of K is as  follows. 
is appl ied  along the p a r t  of the  s l i t  between x = x1 
sh r inkage ,  [ v ] ,  as  shown i n  F i g u r e  41, wil l  o c c u r  a long the  s l i t .  
r e l a t ionsh ip  be tween uo and  the  m e a n  value of t r a n s v e r s e  sh r inkage  o v e r  
the  po r t ion  of the  slit w h e r e  the  load is appl ied,  [ u  ] , is  given by 

When un i fo rm s t r e s s ,  uo, 
and x2, t r a n s v e r s e  

The 

cr0 = K Ffi] . 
F i g u r e  41 (b)  shows a n  expe r imen ta l  r e l a t ionsh ip  be tween the 

d e g r e e  of c o n s t r a i n t  K and  the  t r a n s v e r s e  sh r inkage  obtained du r ing  
sh ie lded  m e t a l - a r c  welding ca rbon-  s t e e l  s p e c i m e n s  /4- inch thick.  
The  e x p e r i m e n t  w a s  conducted on var ious  combina t ions  of s l i t  length 
L ( 3  t o  20 inches )  and weld length 
s h r i n k a g e  d e c r e a s e d  as  a n  i n c r e a s e  i n  d e g r e e  of cons t r a in t .  Deta i l s  
of e x p e r i m e n t a l  condi t ions a r e  not desc r ibed  h e r e .  

3 

( P / L  = 0. 3 t o  1. 0 ) .  The  t r a n s v e r s e  

T h e  d e g r e e  of c o n s t r a i n t  of a welded jo in t  i n  a complex  s t r u c t u r e  
c a n  be  d e t e r m i n e d  expe r imen ta l ly .  9 2 9  9 3 *  94 F i g u r e  42 shows a se tup  used  
by Watanabe ,  e t  a l . ,  92 to  m e a s u r e  the d e g r e e  of c o n s t r a i n t  of a butt joint  
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Figure  41. D c g r e e  of C o n s t r a i n t  of S l i t -Typc  S p e c i m e n s  

(Ma  subuchi )  'l 
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I . .  

between two deck  a s s e m b l i e s  of a n  ac tua l  c a r g o  ship. A and B a r e  
turnbuckles  which w e r e  hooked to  small s t e e l  p i eces  welded to the 
deck  plate. Dial  gages  a r e  numbered  1, 2 ,  and 3 .  Changes in  the  gap  
between the deck  p l a t e s  w e r e  m e a s u r e d  with the d i a l  gages  while the 
p l a t e s  w e r e  pulled toge ther  by the turnbuckles .  The t ightening f o r c e  
was  de t e rmined  by s t r a i n  gages  mounted on the turnbuckles .  
d e g r e e  of c o n s t r a i n t  of the joint  w a s  then ca lcu la ted  b y  Equat ion  (30) .  
Attempts  w e r e  m a d e  success fu l ly  to e s t i m a t e  f r o m  l a b o r a t o r y  weld- 
shr inkage  da ta  the sh r inkage  tha t  took p lace  du r ing  joining the l a r g e  
a s s e m b l i e s .  

The  

4 0  ', 2,3: Dial Gagos 
Unit, mm 

F i g u r e  42. M e a s u r e m e n t  of the Degree  of Cons t r a in t  of 
a Butt  Jo in t  Between Deck A s s e m b l i e s  of a n  

Actual  C a r g o  Ship 

(Watanake ,  e t  al. )12 

8 7  
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Section V. SELECTION AND USE OF APPROPRIATE MEASUREMENT 
TECHNIQUES AND EVALUATION OF RESULTS 

T h i s  sec t ion  contains  in fo rma t ion  per ta ining to the se l ec t ion  of 
a p p r o p r i a t e  m e a s u r e m e n t  techniques,  the u s e  of m a t h e m a t i c a l  a n a l y s i s  
i n  the e x p e r i m e n t a l  s tud ie s  of r e s i d u a l  s t r e s s e s ,  and the evaluat ion of 
e x p e r i m e n t a l  d a t a  on the bas i s  of the effects of r e s i d u a l  s t r e s s e s  on 
the behavior  of s t r u c t u r e s .  

1.  Selection of Appropriate Measurement Techniques 

In  d e t e r m i n i n g  r e s i d u a l  s t r e s s e s  i n  m e t a l s  and m e t a l  s t r u c -  
t u r e s  i t  is i m p o r t a n t  to s e l e c t  m e a s u r e m e n t  techniques that a r e  m o s t  
a p p r o p r i a t e  f o r  a p a r t i c u l a r  job. F a c t o r s  to  be c o n s i d e r e d  a r e z o  

p e r m i s s i b l e  extent  of damage  t o  the s t r u c t u r e  ( d e s t r u c -  
t ive o r  nondes t ruc t ive  tes t ing)  

r e q u i r e d  qual i ty  of m e a s u r e m e n t  ( a c c u r a c y  of da ta ,  
d e t e r m i n a t i o n  of s t r e s s  components ,  etc. ) 

effects  of v a r i a t i o n s  in m e t a l  p r o p e r t i e s  

appl icabi l i ty  to f ie ld  t e s t s  

cos t  and t ime.  

Tab le  VI shows the c h a r a c t e r i s t i c s  of typ ica l  m e t h o d s  f o r  m e a s u r -  
ing r e s i d u a l  s t r e s s e s .  

a. P e r m i s s i b l e  Ex ten t  of Damage to the S t r u c t u r e  

P e r m i s s i b l e  extent  of damage  to the s t r u c t u r e  is a n  
i m p o r t a n t  f ac to r  i n  se lec t ing  appropr ia te  m e t h o d s  f o r  m e a s u r i n g  
r e s i d u a l  s t r e s s e s  in  m e t a l  s t r u c t u r e s .  
a re  d e s t r u c t i v e ;  however ,  the extent  of the d a m a g e  to  the s t r u c t u r e  
c a n  b e  l i m i t e d  ( s e m i - n o n d e s t r u c t i v e )  i n  s o m e  c a s e s .  F o r  example ,  
the Gunner t  technique r e q u i r e s  mak ing  c i r c u l a r  plugs 0. 8 i n c h  in  
d i a m e t e r .  

S t r e s s -  re laxa t ion  techniques 

If absolu te ly  no d a m a g e  to  the s t r u c t u r e  is allowed for m e a s u r i n g  
r e s i d u a l  s t r e s s e s ,  the only p r e s e n t l y  available technique i s  the  X - r a y  
d i f f r ac t ion  technique. T h e  u l t r a s o n i c  technique is  s t i l l  i n  the develop- 
m e n t  s tage .  
not su i tab le  t o  be applied t o  ac tua l  s t r u c t u r e s .  

The  h a r d n e s s  technique and c r a c k i n g  techniques a r e  
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Strain Gages E x t e n s o m e t e r  

T a b l e  VI. C h a r a c t e r i s t i c s  of Techniques f o r  Measur ing  Res idua l  S t r e s s e s  

Photoe las t ic  
Coating Gr id  S y s t e m  

(1 )  Ex ten t  of damage  to the  
s t r u c t u r e  

4 

( 2 )  Qual i ty  of m e a s u r e m e n t  

Sur face  m e a s u r e m e n t  

Approx ima te  s t r a i n  s ens i -  
t ivi ty ,  mic ro in .  / i n .  

D e t e r m i n e  s t r e s s  componenti  

Usual  gage  length,  in. 

Applicabi l i ty  t o  uneven  
s t r e s s  f ie ld  

S u r f a c e  o r  i n t e r i o r  s t r a i n s  

( 3 )  Effec t s  f r o m  var ia t ions  in  
mat e r ial s 

(4) F i e l d  appl icat ion 

F i e l d ,  F o r  l abora to ry ,  L 

R e m o t e  indicat ing 

O p e r a t i n g  env i ronmen t  

(5) C o s t  and time 

( c )  Complex i ty  of equipment  

T i m e  r e q u i r e d  

R e q u i r e d  o p e r a t o r  e x p e r -  

(d) 

ie n c e ( e )  

> 

Yes 

to  1 

Yes 

(10 t o  100) 

Yes  

V a r i e s  

Yes  

50 

Yes 

V a r i e s  

Yes  

10 I 

I Yes 

V e r y  s m a l l  

Yes  
1 

(a) Sens i t i v i ty  i n  s t r e s s  is  given. 
(b)  A air, W: w a t e r .  
( c )  1 - 4: l e s s  expens ive  - expensive.  
(d) 1 - 4: s h o r t  - long. 
( e )  1 - 4: less expe r i enced  - highly exper ienced .  

P r i m a r i l y  L 

No 

A 

1, 2 

2 

2 

L, F 

No  

A 

3 

2 
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b. Requ i red  Quality of M e a s u r e m e n t  

In  se l ec t ing  m e a s u r i n g  techniques  and designing t e s t  
p r o g r a m s ,  i t  is i m p o r t a n t  to know whether  they  wi l l  p rovide  d a t a  tha t  
m e e t  the  r e q u i r e d  qua l i ty ,  including a c c u r a c y  of s t r e s s  ana lys i s ,  
d e t e r m i n a t i o n  of s t r e s s  components ,  e tc .  

(1) A c c u r a c y  of S t r a in  M e a s u r e m e n t .  Some techniques  
provide  a c c u r a t e  quant i ta t ive d a t a  while o t h e r s  provide  only qua l i ta -  
t ive  da ta .  
upon v a r i o u s  f a c t o r s  including the  s t r a i n  sens i t i v i ty  of gages  used ,  
me thods  of cut t ing in  c a s e  of s t r e s s -  r e l axa t ion  techniques ,  s u r f a c e  
condi t ion of the spec imen ,  condition of m e a s u r i n g  dev ices  and equip- 
m e n t ,  and the sk i l l  and expe r i ence  of o p e r a t o r s .  

The  a c c u r a c y  of m e a s u r e d  va lues  i n  ac tua l  c a s e s  depends  

Tab le  VI shows approx ima te  va lues  of m a x i m u m  s t r a i n  sens i t i v i ty  
of d e v i c e s  ( o r  the lowes t  s t r a i n s  that c a n  be de t ec t ed  by the  d e v i c e s )  
i n  m i c r o i n c h e s  p e r  inch.  F o r  a luminum a l loys  with Young ' s  modu lus  
of approx ima te ly  10 x 10 6 ps i ,  10 m i c r o i n c h - p e r - i n c h  s t r a i n  c o r r e s p o n d s  

to  100 ps i  s t r e s s .  Bonded s t r a i n  gages  provide  the  b e s t  s t r a i n  s e n s i -  
t ivity.  However ,  i t  m u s t  be ment ioned  tha t  the  f luctuat ion of d a t a  i n  
the  a c t u a l  m e a s u r e m e n t  would be cons ide rab ly  g r e a t e r  than the maxi- 
m u m  s t r a i n  sens i t i v i ty  of the  g a g e s  u n l e s s  e x t r e m e  c a r e  is  taken  
du r ing  the m e a s u r e m e n t .  

( 2 )  De te rmina t ion  of S t r e s s  Components .  Some  techniques  
provide  in fo rma t ion  on s t r e s s  components  so  that  the  d i r e c t i o n s  and  
the  magn i tudes  of p r inc ipa l  s t r e s s e s  c a n  be d e t e r m i n e d ,  while  o t h e r s  
d o  not provide  enough in fo rma t ion  on s t r e s s  components .  Techniques  
tha t  belong t o  the  f i r s t  g roup  include bonded s t r a i n  gages ,  e x t e n s o m e t e r s ,  
g r i d  s y s t e m s ,  photoe las t ic  coa t ings ,  and  the  X- r a y  d i f f rac t ion  technique.  

( 3 )  Gage  Length.  Table  VI shows usua l  gage  l eng ths  u s e d  
i n  v a r i o u s  techniques .  
v a r i a t i o n s  in  s t r e s s  c a n  be  de tec ted ;  however ,  too s h o r t  a gage  length  
a l s o  is  not f avorab le .  F o r  example ,  when the  X - r a y  d i f f r ac t ion  techni -  
q u e  is used  to d e t e r m i n e  r e s i d u a l  s t r e s s e s  tha t  a r e  widely d i s t r ibu ted  
in a l a r g e  s t r u c t u r e ,  such  as  those  shown in  F i g u r e  6(a) ,  e x t r e m e  c a r e  
m u s t  be  taken  to  e l imina te  the  effects  of l oca l i zed  r e s i d u a l  s t r e s s e s  
s u c h  as those  c a u s e d  by  gr inding ,  a s  shown i n  F i g u r e  6 (c ) .  

The  gage length m u s t  b e  s h o r t  enough so  tha t  

( 4 )  Applicat ion to  Uneven S t r e s s  F ie ld .  Most  techniques  a r e  
app l i cab le  to  s p e c i m e n s  that  contain unevenly d i s t r ibu ted  r e s i d u a l  s t r e s s ,  
a l though s o m e  a re  not appl icable  to s u c h  c a s e s .  
deve lopmen t  the  u l t r a son ic  technique i s  not appl icable  to  unevenly 
dis t r i  buted r e  s idua l  s t r e  s s e  s . 

At the  p r e s e n t  s t a g e  of 
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(5)  Su r face  S t r a i n  o r  S t r a i n s  i n  the I n t e r i o r  De te rmined .  
Suppose tha t  the  c u r v e  ABCD i n  F i g u r e  43 r e p r e s e n t s  the  thicknes's-  
d i r ec t ion  d i s t r ibu t ion  of r e s i d u a l  s t r e s s e s  p a r a l l e l  t o  the  p la te  s u r f a c e ,  

having highly loca l i zed  t ens i l e  s t r e s s e s  i n  a thin l a y e r  n e a r  the 
s u r f a c e .  
s ide  r ably. 

S t r e s s e s  d e t e r m i n e d  by d i f fe ren t  techniques  m a y  v a r y  con-  

When the X - r a y  d i f f rac t ion  technique is u s e d ,  only s u r f a c e  s t r a i n s  
to a depth of approx ima te ly  0. 0001 inch  
s t r e s s  OA i s  m e a s u r e d .  
bonded s t r a i n  gages ,  e x t e n s o m e t e r s ,  g r i d  s y s t e m s ,  photoe las t ic  coa t -  
i ngs ,  and b r i t t l e  coa t ings ,  s t r a i n  m e a s u r e m e n t s  are  m a d e  on the  
s u r f a c e .  However ,  the  m e a s u r e d  va lues  do  not exac t ly  r e p r e s e n t  
the  s t r e s s  o n  the v e r y  s u r f a c e ,  OA. 
F i g u r e  43, f o r  example ,  the r e l axa t ion  of t he  s u r f a c e  s t r e s s  i s  r e s t r i c -  
ted by the m e t a l  i n  the c e n t r a l  por t ion  and r e s i d u a l  s t r e s s e s  as shown 
by a c u r v e  A ' B ' C ' D '  m a y  s t i l l  r e m a i n  i n  the plug. T h e r e f o r e ,  the 
s t r e s s  de t e rmined  by s t r a i n  r e l e a s e  m e a s u r e d  on  the  s u r f a c e  d o e s  
not r e p r e s e n t  O A  but AA' which i s  somewha t  be tween the loca l i zed  
sk in  s t r e s s  OA and the m e a n  s t r e s s  OM. 
f a c t o r s  including the  s t r e s s  d i s t r ibu t ion ,  ABCD, o r  s h a r p n e s s  of the  
c u r v e  n e a r  the  s u r f a c e ,  the  plate  t h i ckness ,  and the  s i z e  of the  plug. 

a r e  d e t e r m i n e d ;  the  s u r f a c e  
In the  s t r e s s -  r e l axa t ion  techniques  using 

When a plug is cu t  as shown i n  

OA' depends  on v a r i o u s  

In the u l t r a son ic  technique ,  i t  is  be l ieved  tha t  s t r e s s e s  i n  the 
i n t e r i o r  of the  m a t e r i a l ,  e. g . ,  a round  BC, a r e  d e t e r m i n e d .  

rStrain 

I ' i g u r c  43.  T h i c k n e s s - D i r e c t i o n  Di s t r ibu t ion  
of R e s i d u a l  S t r e s s  



c .  Ef fec ts  of Var ia t ions  in M a t e r i a l  P r o p e r t i e s  

L a r g e  fabr ica ted  s t r u c t u r e s  contain v a r i a t i o n s  in  m e t a l  
p rope r t i e s :  welded s t r u c t u r e s  have  the weld m e t a l ,  the  hea t -a f fec ted  
zone ,  and the base  m e t a l ,  and h e a t  t r e a t m e n t s  a l s o  change  m a t e r i a l  
p r o p e r t i e s .  Thes.e v a r i a t i o n s  i n  m e t a l  p r o p e r t i e s  c a n  c a u s e  s e r i o u s  
p r o b l e m s  when the X - r a y  d i f f rac t ion  technique and the u l t r a s o n i c  
technique a r e  used. 

It h a s  been  recognized tha t  diffract ion l ines  a r e  b roadened ,  r e su l t -  
i n g  in  lower  a c c u r a c y  in  s t r a i n  m e a s u r e m e n t s  when the X - r a y  diffrac-  
t ion technique is  used on h e a t - t r e a t e d  m a t e r i a l s .  

d.  F i e l d  ADDlication 

Some techniques a r e  applicable to  both l a b o r a t o r y  and 
f ie ld  t e s t s ,  while o t h e r s  a r e  applicable to l a b o r a t o r y  t e s t s  only. 
D i f f r a c t o m e t e r s  c o m m e r c i a l l y  available a t  the p r e s e n t  t i m e  a r e  f o r  
the l a b o r a t o r y  use ;  however ,  spec ia l  equipment  f o r  a f ie ld  t e s t  m a y  
be m a d e .  

Whether  o r  not the r e m o t e  reading c a n  be m a d e  i s  a n  i m p o r t a n t  
f a c t o r  i n  se lec t ing  techniques f o r  field t e s t s .  
have  advan tages  o v e r  o t h e r  techniques in  this  r e s p e c t .  

Bonded s t r a i n  gages  

In s o m e  c a s e s ,  the  s t r u c t u r e s  m a y  be exposed  to  env i ronmen t s  
o t h e r  than a i r ,  i. e . ,  w a t e r  o r  oil. Some techniques w o r k  under  v a r i o u s  
e nvi r o nme  nt s . 

e.  Cos t  and T i m e  

Cos t  and t i m e  f o r  determining r e s i d u a l  s t r e s s e s  depend 
on  m a n y  f a c t o r s  including the shape  and s i ze  of the  s p e c i m e n ,  number  
of m e a s u r i n g  points ,  and the a c c u r a c y  of m e a s u r e m e n t ,  e tc .  Table  VI 
shows  only i n  r e l a t ive  n u m b e r s  the complexity of equipment ,  time 
r e q u i r e d  f o r  m e a s u r e m e n t ,  and r equ i r ed  o p e r a t o r  expe r i ence .  

E l e c t r i c -  r e s i s t a n c e  s t r a i n  gages a r e  re la t ive ly  s i m p l e  to o p e r a t e  
and not expensive.  However ,  c o s t  and t i m e  f o r  s t r e s s -  re laxa t ion  
p r o c e d u r e s  s u c h  as d r i l l i ng  and  sectioning c a n  be t r e m e n d o u s ,  depend- 
ing upon the mach in ing  r e q u i r e d .  

T h e  X - r a y  d i f f rac t ion  technique is  a r a t h e r  slow p r o c e s s .  At e a c h  
m e a s u r i n g  point, the X - r a y  diffract ion m e a s u r e m e n t  m u s t  be m a d e  in  
two d i r e c t i o n s ,  e a c h  r e q u i r i n g  15 t o  30 m i n u t e s  e x p o s u r e  time f o r  the 
film technique. 
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f .  U s e  of Var ious  Techniques  i n  Studying R e s i d u a l  S t r e s s e s  
in  Meta l  S t r u c t u r e s  

As shown in  Tab le  VI, t h e r e  i s  no  s ing le  r e s i d u a l - s t r e s s  
m e a s u r i n g  technique which s a t i s f i e s  all r e q u i r e m e n t s  of nondes t ruc t ive-  
n e s s ,  h igh-s t ra in  sens i t i v i ty ,  appl icabi l i ty  to  f ie ld  t e s t s ,  low c o s t ,  and  
s h o r t  m e a s u r i n g  t ime.  However ,  e a c h  technique  has s o m e  advan tages  
ove r  o ther  techniques  and eventual ly  have  c e r t a i n  a r e a s  of appl icat ion.  

(1)  Bonded S t r a i n  Gages .  Bonded s t r a i n  gages  have  been  
widely used in  .many r e s idua l -  s t r e s s  m e a s u r e m e n t s ,  s i n c e  s t r a i n  g a g e s  
have  g r e a t  advan tages ,  on the  b a s i s  of t he  qua l i ty  of d a t a  and c o s t  
r equ i r ed ,  o v e r  o t h e r  s t r a i n - m e a s u r i n g  techniques .  T h e  following a r e  
e x a m p l e s  in  which s t r a i n  gages  m a y  be u s e d  for m e a s u r i n g  r e s i d u a l  
s t r e s s e s  produced du r ing  the  f ab r i ca t ion  of m e t a l  s t r u c t u r e s :  

S t r a i n  gages  m a y  be moun ted  on po r t ions  of m e t a l  
s t r u c t u r e s  and s t r a i n  changes  which take  p lace  d u r i n g  f a b r i c a t i o n  be 
t r a c e d .  

Dur ing  the f ab r i ca t ion  of s t r u c t u r e s ,  t h e r e  m a y  be  
a n u m b e r  of o c c a s i o n s  in  which  m e t a l  p a r t s  a r e  r e m o v e d ,  such  as 
d r i l l i ng  o r  cut t ing ho le s  of v a r i o u s  s i z e s .  
s t r e s s e s  by the s t r e s s - r e l a x a t i o n  technique m a y  be  m a d e  du r ing  t h e s e  
occas ions .  

M e a s u r e m e n t s  of r e s i d u a l  

( 2 )  E x t e n s o m e t e r s ,  G r i d  S y s t e m s ,  Pho toe la s t i c  Coat ings ,  
and Br i t t l e  Coat ings .  E x t e n s o m e t e r s ,  g r i d  s y s t e m s ,  photoe las t ic  
coa t ings ,  and b r i t t l e  coa t ings  have  s e v e r a l  unique f e a t u r e s  as  s t r e s s -  
m e a s u r i n g  d e v i c e s  and consequent ly  unique areas of appl ica t ion ;  h o w e v e r ,  
t he i r  u s e  is r a t h e r  l imi ted .  

The  Gunner t  me thod ,  which employes  a m e c h a n i c a l  e x t e n s o m e t e r  
with s h o r t  gage  length,  has b e e n  used  to m e a s u r e  r e s i d u a l  s t r e s s e s  i n  
welded plates .  
r e s idua l  s t r e s s e s  i n  ac tua l  s t r u c t u r e s  s u c h  as s h i p s .  

T h e  Gunner t  method a l s o  has been  u s e d  to m e a s u r e  
9 5  

( 3 )  X - R a y  Dif f rac t ion  Techn iques .  T h e  X-  r a y  d i f f rac t ion  
technique has been used  f a i r l y  widely,  a l though to  a m u c h  l e s s  ex ten t  
c o m p a r e d  with bonded s t r a i n  g a g e s ,  for  the  m e a s u r e m e n t  of r e s i d u a l  
s t r e s s e s .  T h e  X - r a y  d i f f r ac t ion  technique  i s  the  only technique  tha t  
is appl icable  to m e a s u r e  such  r e s i d u a l  s t r e s s e s  as  those i n  ba l l  b e a r -  
i ngs ,  gea r  tee th ,  and s u r f a c e  r e s i d u a l  s t r e s s  a f t e r  mach in ing  o r  g r id -  
ing. 9 6 J  97,  98y 99' loo The  X- r a y  d i f f r ac t ion  technique  a l s o  has been used  

101 t o  m e a s u r e  r e s i d u a l  s t r e s s e s  in  s t r u c t u r a l  componen t s  of a i r p l a n e s .  



I (4) Ult rasonic  Technique. Accord ing  to  r e c e n t  i n fo rma-  
t ion,  the u l t r a s o n i c  technique i s  capable of de t e rmin ing  the magni tude  
of s t r e s s i s  i n  a s imple  s t r e s s  f ie ld ,  such  as a b a r  unde r  t ens i l e  load- 
ing. However ,  i t  has not been  proved that this  technique i s  useful  f o r  
d e t e r m i n i n g  unevenly d i s t r ibu ted  r e s i d u a l  s t r e 9 s e s  in  m e t a l  s t r u c t u r e s .  
The  usefu lness  of this  technique l i e s  s o m e w h e r e  in  the fu ture .  

(5) H a r d n e s s  Techniques.  No  ac tua l  appl icat ion of t he  
h a r d n e s s  techniques h a s  been  repor ted .  

(6 )  Crack ing  Techniques.  C r a c k i n g  techniques wil l  be 
usefu l  f o r  studying r e s i d u a l  s t r e s s e s  in  complex  s t r u c t u r a l  m o d e l s ,  
but they are  not sui table  to  be applied to  ac tua l  s t r u c t u r e s .  

I 

2. Use  of Mathematical Analysis in  the Experimental Studies of Residual Stresses 

The p r o p e r  u s e  of m a t h e m a t i c a l  a n a l y s i s  based  p r i m a r i l y  
on the  t h e o r y  of e las t ic i ty  and plast ic i ty  is  s o m e t i m e s  v e r y  useful  i n  
the study of r e s i d u a l  s t r e s s e s  i n  m e t a l  s t r u c t u r e s .  
c a s e s ,  the d is t r ibu t ion  of r e s i d u a l  s t r e s s e s  can  be  ca lcu la ted  analyt i -  
cal ly .  In  m o s t  p rac t i ca l  p r o b l e m s ,  the g e o m e t r y  of the s p e c i m e n  i s  
so  compl i ca t ed  that  it is  a l m o s t  imposs ib l e  to ca lcu la te  r e s idua l -  s t r e s s  
d i s t r ibu t ions .  N e v e r t h e l e s s ,  m a t h e m a t i c a l  a n a l y s i s  i s  still useful  in  
studying r e  s idua l  s t  r e  s s e  s in  p rac t i ca l  p r o b l e m s ,  because  m a t h e m a t i -  
c a l  a n a l y s i s  wil l  p romote  a c o r r e c t  understanding of the p rob lem,  
d i f f e ren t  s e t s  of d a t a  such  as r e s i d u a l  s t r e s s  and d i s to r t ion  c a n  be 
r e l a t ed  quant i ta t ively by a m a t h e m a t i c a l  ana lys i s ,  and the number  of 
e x p e r i m e n t a l  conditions n e c e s s a r y  to obtain c e r t a i n  in fo rma t ion  c a n  
be r educed  by p r o p e r  u s e  of a m a t h e m a t i c a l  ana lys i s .  

In  s o m e  s i m p l e  

a. Calculat ion of the Distr ibut ion of Res idua l  S t r e s s e s  

F i g u r e  33 shows calculated d is t r ibu t ions  f o r  r e s i d u a l  
s t r e s s e s  produced  by f o r m i n g  a n  angle and  a channel.  
t ion done by Yena4 w a s  based  on  the theo ry  0; plast ic i ty .  The  s t r e s s -  
s t r a i n  c u r v e  w a s  a s s u m e d  to be  composed with two s t r a i g h t  l i nes  
r e p r e s e n t i n g  the e l a s t i c  por t ion  (with s lope  E) and the p las t ic  port ion 
(with s lope  a). 
values .  

T h e  ca lcu la-  

Calculated values  coincided wel l  with the o b s e r v e d  

Analyt ical  s tud ies  of r e s i d u a l  s t r e s s e s  due to  welding h a v e  been  
In o r d e r  to 102, 103, 104, 105, 106, 107 m a d e  by a n u m b e r  of inves t iga tors .  

ca l cu la t e  the change  of s t r e s s e s  during welding, i t  i s  n e c e s s a r y  to 
know the  t h e r m a l  h i s t o r y  of the  weldment  and p r o p e r t i e s  of the m e t a l  
at v a r i o u s  t e m p e r a t u r e s .  B e c a u s e  of the difficult  m a t h e m a t i c a l  
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a n a l y s i s  requi red ,  t heo re t i ca l  inves t iga t ions  have  been  l i m i t e d  to ’ 

s i m p l e  mode l s  such  as a s i m p l e  butt weld. 
calculated r e s i d u a l -  s t r e s s  d i s t r ibu t ions  i n  butt welds  in  the AMg5V 
al loy ( a luminum al loy containing 5 p e r c e n t  m a n g a n e s e ,  and about 0. 1 
p e r c e n t  vanadium).  

Koz imi rov  and Nedosekaa8 

b. Use  of Mathemat i ca l  Analysis  i n  Studying; P r a c t i c a l  
P r o b l e m s  

MasubuchigoY ” m a d e  a s y s t e m a t i c  invest igat ion in  which 
m a t h e m a t i c a l  a n a l y s i s  w a s  u s e d  ex tens ive ly  i n  studying v a r i o u s  p r a c -  
t i ca l  p r o b l e m s  of r e s i d u a l  s t r e s s e s  i n  welded joints .  A f ew e x a m p l e s  
a r e  given i n  the following p a r a g r a p h s .  

(1) Dis tor t ion  i n  F r a m e d  S t r u c t u r e s .  When f r a m e s  a r e  
f i l l e t  welded to a plate ,  angu la r  changes  take place.  I t  the welded 
s t r u c t u r e  is f r e e  f r o m  o u t e r  cons t r a in t ,  the  plate  wil l  s i m p l y  bend 
to a polygonal f o r m  having a knuckle a t  the  weld,  as shown i n  F i g u r e  
44(a) .  However ,  when the  s t r u c t u r e  i s  c o n s t r a i n e d  by s o m e  m e a n s ,  
a different  type of d i s to r t ion  is  produced.  
movemen t  of s t i f f ene r s  welded  to a plate  is p reven ted ,  wavy d i s t o r -  
t ion of the p la te ,  as shown in F i g u r e  44(b) ,  r e su l t s .  

F o r  example ,  when the 

Extensive invest igat ions w e r e  m a d e  by J a p a n e s e  i n v e s t i g a t o r s  on  
.,,106, 108, 109, 110 the wavy d i s to r t ion  of the bot tom plate  of welded sh ips .  -1- 

It w a s  found that wavy d i s to r t ion  of a welded  s t r u c t u r e  can  be  ca lcu la ted  
if  the angular  changes  a t  the f i l l e t  jo in ts  a r e  known. 
c a s e  of a s y m m e t r i c  d i s tor t ion ,  as  shown i n  F i g u r e  44(b) ,  the d i s t o r -  
t ion a t  Point P, 6 ,  is given by91 

In the s i m p l e s t  

w h e r e  

6 = d i s to r t ion  at point P 

x = d i s t a n c e  be tween P and the  c e n t e r  of the span 

:::It i s  believed that thc ini t ia l  d i s t o r t i o n  and r e s i d u a l  s t r e s s e s  p r o -  
duced i n  the plate ,  as shown in  F i g u r e  44 (b ) ,  d e c r e a s e s  the buckling 
s t r e n g t h  of thc plate .  
the bot tom-shel l  plating which o c c u r r e d  in  a n u m b e r  of a l l -we lded  

The  m a j o r  r e a s o n  f o r  the c o r r u g a t i o n  d a m a g e  of 

t r a n s v e r s e l y  f r a m e d  c a r g o  boa ts  s o m e  t i m e  ago  w a s  a t t r i bu ted  to  e x c e s -  
s ive  wavy d is tor t ion .  109,110,111 
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1 = length of span  

4 = angular  change a t  the f i l le t  joint .  

( a )  Free Joint 

(b) Constrained Joint 

F i g u r e  44. Dis tor t ions  Caused  by Angular  Changes  i n  F r e e  
and Cons t ra ined  F i l l e t -  Welded S t r u c t u r e s  

(Masubuchi ,  e t  a l .  )lo* 

The  d i s to r t ion  of the s p e c i m e n  a f t e r  the cons t ra in ing  m e m b e r  w a s  
r e m o v e d  w a s  s m a l l e r  than tha t  which w a s  produced in  a f r e e  joint ,  
indicat ing that  l e s s  angular  change w a s  produced du r ing  welding 
b e c a u s e  of the cons t ra in t .  The  angular  change,  9, a l s o  d e c r e a s e d  
when  t h e  length  of span  d e c r e a s e d  s ince the d e g r e e  of cons t r a in t  
i n c r e a s e d .  Masubuchi ,  e t  al. , lo8 presented  the  following f o r m u l a  
t o  e x p r e s s  the inf luence of the length of span,  e ,  and the f lexual  
r ig id i ty  of the p la te ,  D, o n  the  amount  of angular  change: 

+ =  

w h e r e  

2D 1 
1 t- e c  

( 3 4 )  
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Q0 = angular  change in  a f r e e  joint  

+ = angular  change in  a cons t r a ined  joint  

C = coefficient.  

Expe r imen ta l  inves t iga t ions  w e r e  m a d e  to d e t e r m i n e  the va lues  of r$o 

and C f o r  va r ious  conditions.  106,  112 

( 2 )  Residual  S t r e s s  and Longitudinal Dis t ro t ion  of a 
i i e lded  Beam.  When a T - b a r  as shown in  F i g u r e  45(a)  i s  m a n u f a c t u r e d  
by welding, longitudinal shr inkage  of the weld metal induces  longitudinal 
d i s tor t ion  of the beam 'un le s s  the weld l ine  coincides  with the  neu t r a l  
ax i s  of the beam.  Longitudinal r e s idua l  s t r e s s ,  ux, and c u r v a t u r e  of 

- 

longitudinal d i s tor t ion ,  1 / R ,  a r e  given by the following equation 
( F i g u r e  45): 91, 113 

w h e r e  

E ~ "  = nonelast ic  s t r a i n  in  the x - d i r e c t i o n  

A = s e c t i o n a l  a r e a  of the joint  

= m o m e n t  of i n e r t i a  of the jo in t  a round the n e u t r a l  ax i s  IY 

Px::: = appa ren t  sh r inkage  f o r c e ,  PX:k = JJE cXI1dydz 

M :: :=apparent sh r inkage  m o m e n t ,  M :k = 

4::: 

EE,"zdydz = px:::&:: I( Y Y 

= d i s t a n c e  between the n e u t r a l  a x i s  and the  ac t ing  ax i s  
of apparent  sh r inkage  fo rce .  

Equation (35)  shows that  i t  is  n e c e s s a r y  to know the d i s t r ibu t ion  
of nonclzctic s t r a i n ,  E ~ " ,  i n  o r d e r  to know that  d i s t r ibu t ion  of r e s i d u a l  
s t r e s s ,  cX;  however ,  i n fo rma t ion  about the m o m e n t ,  My:::, only is 
suf f ic ien t  to d e t e r m i n e  the amoun t  of d i s to r t ion ,  1 / R .  The  m o m e n t ,  
My:::, is de te rmined  when the  magn i tude  of the a p p a r e n t  sh r inkage  
f o r c e ,  Px:::, and the loca t ion  of i t s  ac t ing  a x i s  a r e  known. 



X- a .  General view 

b. Nonelastic strain e x ' '  c. Residual stress ux 

F i g u r e  45. Analys is  of Longi tudinal  D i s to r t ion  i n  F i l l e t  Jo in t  

( a  ) Typi  a l  Di  

F i g u r e  46. 

ortion 

DISTANCE FROM THE START OF WELD ALONG WELDLINE, mm 

(b)  Eight Stable Distortions Obtained in  a Thin 
Plate Welded by Submerged -Arc Process 

Buckling Di s to r t ion  Due to Welding of a Thin P l a t e  

( M a ~ u b u c h i ) " ~  
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113 Sasayama ,  e t  a l . ,  inves t iga ted  expe r imen ta l ly  the  e f fec ts  of 
welding conditions and the d imens ions  of b e a m s  on the  amount  of P x 2 : : .  

It w a s  found that  the  act ing a x i s  of P ::: usua l ly  i s  loca ted  in the weld 
m e t a l .  

X 

( 3 )  Buckling Dis tor t ion  i n  Welded Thin P l a t e s ,  -- When a 
thin plate i s  welded ,  the  p la te  wil l  buckle because  of c o m p r e s s i v e  
residl ia l  s t r e s s e s  produced  in  a r e a s  outs ide  the weld.  
1on;gitudinal d i s t o r t i o n s  of a long s t r i p ,  0 . 0 9  x 0. 16 >; 2 8 3  inches  in 
a l ~ c i ,  af te r  a weld bead w a s  la id  by the s u b m e r g e d - a r c  p r o c e s s  along 
the  cen te r l ine  of the plate .  
wavy d i s to r t ions ,  as  shown in  F i g u r e  46 (b ) .  
t ion d e c r e a s e d  with the i n c r e a s e  
in the  number  of waves .  
of e l a s t i c  s tab i l i ty  sugges ted  the following relat ionship:”’  

F i g u r e  46 shows 

The  s p e c i m e n  showed eight s t ab le  

in  the  wavelength o r  with the  d e c r c a s e  

106, 114 

The  ampl i tude  of d i s t o r -  

A m a t h e m a t i c a l  a n a l y s i s  based  on the theo ry  

A = C (2)”. 
A = ampl i tude  

- e = mean wavelength 

2b = width of the p la te  

C and n = cons tan t s .  

By  analyzing e x p e r i m e n t a l  d a t a ,  i t  w a s  found tha t  the  va luc  of n w a s  
approkinlately 2 ;  in  o the r  w o r d s ,  the ampl i tude  increasc.d a l m o s t  
proport ional ly  to  the s q u a r e  of the wavelength.  

Thc  above r e s u l t s  i nd ica t e  i m p o r t a n t  c h a r a c t e r i s t i c s  of the  buckl ing-  
type d i s to r t i o  n caused  by welding : 

In the buckling- type d i s to r t ion ,  m o r c  than onc s t a b l c  d i s to r t ion  
can ex is t .  A compl ica ted  thing is tha t  in  some c a s e s  only a few d i s t o r -  
tion instcad of a l l  poss ib l e  d i s t o r t i o n s  m a y  r e a l l y  a p p e a r ,  a n d  a f C w  

0thc.r d i s tor t ions  may o c c u r  i n  oth6.r s p e c i m e n s ,  giving ciuitc. confusing 
da ta .  

N t ,ve r thc l e s s ,  
ingly quite d i f f e ren t  d i s t o r t i o n s ,  as  shown i n  Equat ion  ( 3 6 ) .  

s o m e  r e g u l a r  r e l a t ionsh ips  e x i s t  among  sec rn -  



3. Evaluation of Experimental Data on the Basis of the Effects of  Residual Stresses 
on the Behavior of Stresses 

An i m p o r t a n t  p r o b l e m  related to  the m e a s u r e m e n t  of r e s i d u a l  
s t r e s s e s  is  the difficulty of evaluating e x p e r i m e n t a l  d a t a  on the b a s i s  
of potent ia l  effects  of r e s i d u a l  s t r e s s e s  on  the behavior  of the m e t a l  
s t r u c t u r e .  
m e n t  of r e s i d u a l  s t r e s s e s ,  thorough d i s c u s s i o n s  of the e f fec ts  of 
r e s i d u a l  s t r e s s e s  on  the behavior  of m e t a l  s t r u c t u r e s  is not given 
h e r e .  
on duct i le  f r a c t u r e ,  b r i t t l e  f r a c t u r e ,  fatigue f r a c t u r e ,  buckling, and 
d imens iona l  s tabi l i ty .  

Since th i s  r e p o r t  is p r i m a r i l y  conce rned  with the m e a s u r e -  

Brief  d i s c u s s i o n s  a r e  given on the  e f fec ts  of r e s i d u a l  s t r e s s e s  

a. Duct i le  F r a c t u r e  - 

It h a s  been  es tab l i shed  that the e f fec ts  of r e s i d u a l  s t r e s s  
on f r a c t u r e  p r o p e r t i e s ,  including the  f r a c t u r e  s t rength ,  elongation, 
and the e n e r g y  abso rp t ion  of a m e t a l  s t r u c t u r e  a r e  negligible when the 
f r a c t u r e  o c c u r s  in  a duct i le  m a n n e r  a f t e r  the s t r u c t u r e  has exhibi ted 
c o n s i d e r a b l e  p las t ic  deformation.  

b. Br i t t l e  F r a c t u r e  

Dur ing  the last s e v e r a l  y e a r s ,  cons ide rab le  i n f o r m a t i o n  
h a s  b e e n  developed on the influence of r e s i d u a l  s t r e s s e s  on br i t t l e  
f r a c t u r e ,  e s p e c i a l l y  in  welded s t r u c t u r e s .  It h a s  been  noticed by 
i n v e s t i g a t o r s  that  t h e r e  is a difference be tween the evidence obtained 
f r o m  b r i t t l e  f a i l u r e s  in  ac tua l  s t r u c t u r e s  and the e x p e r i m e n t a l  r e s u l t s  
obtained with notched s p e c i m e n s .  
fa r  below the yield s t r e s s  of the m a t e r i a l ,  while the nominal  f r a c t u r e  
s t ress  of a notch s p e c i m e n  i s  as  high as the yield s t r e s s ,  even  when 
the s p e c i m e n  contains  v e r y  s h a r p  c r a c k s .  A n u m b e r  of r e s e a r c h  

Actual f r a c t u r e s  o c c u r r e d  a t  s t r e s s e s  

p r o g r a m s  h a v e  been  c a r r i e d  out on l o w - s t r e s s  f r a c t u r e  of weld- 
m e n t s .  116, 117, 118, 119, 120, 121, 122, 123, 124, 125, 126 Although these s t i l l  a r e  

- 
d i s a g r e e m e n t s  among r e s e a r c h e r s  i n  the in t e rp re t a t ion  of e x p e r i m e n t a l  
f indings,  1 2 5 9  126 i t  h a s  been  es tab l i shed  that  low- s t r e s s  b r i t t l e  f r a c t u r e  
o c c u r s  in  a we ldmen t  when c e r t a i n  conditions a r e  sa t i s f ied .  The  
following i s  a m e c h a n i s m  sugges t ed  by K i h a r a  and M a s u b ~ c h i " ~  on the 
e f fec t  of r e s i d u a l  s t r e s s  o n  b r i t t l e  f r ac tu re .  

F i g u r e  47  shows,  schemat ica l ly ,  g e n e r a l  tendencies  of f r a c t u r e  
s t r e n g t h  of welded s p e c i m e n s  a t  var ious  t e m p e r a t u r e s  and the effects  
of s h a r p  no tches  and  r e s i d u a l  s t ress  on f r a c t u r e  s t rength .  When a 
s p e c i m e n  d o e s  not contain a s h a r p  notch, f r a c t u r e  wil l  o c c u r  at the 
u l t i m a t e  s t r e n g t h  of the  m a t e r i a l  at t e m p e r a t u r e s  conce rned ,  as 
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shown by c u r v e  PQR. When a s p e c i m e n  conta ins  a s h a r p  notch (but 
no r e s idua l  s t r e s s ) ,  f r a c t u r e  will  o c c u r  a t  s t r e s s e s  shown by c u r v e  
PQST. When the t e m p e r a t u r e  is h ighe r  than the f r a c t u r e  t r a n s i t i o n  
t e m p e r a t u r e ,  Tf ,  a s h e a r - t y p e  f r a c t u r e  o c c u r s  a t  a high s t r e s s .  When 
the t e m p e r a t u r e  i s  below Tf,  the f r a c t u r e  appea rance  changes  to a 
c leavage  type,  and the s t r e s s  a t  f r a c t u r e  d e c r e a s e s  to the va lue  n e a r  
the yield s t r e s s .  When a notch i s  loca ted  i n  a r e a s  where  h igh  r e s i d u a l  
t e n s i l e  s t r e s s e s  ex is t ,  v a r i o u s  types  of f r a c t u r e  can  o c c u r ,  a s  follows: 

* 

When thc t e m p c r a t u e  i s  h ighe r  than T f ,  the f r a c t u r e  s t r e s s  
i s  a s  high a s  c u r v e  PQ. 
s t r e s s .  

Res idua l  s t r e s s  h a s  no effect  on f r a c t u r e  

Whcn the t e m p e r a t u r e  i s  l ower  than  Tf  but h ighe r  than  the 
c r a c k - a r r e s t i n g  t e m p c r a t u r e ,  Ta ,  a c r a c k  m a y  occur  a t  a low s t r e s s  
but i t  will bc, a r r e s t e d .  

When the t e m p e r a t u r e  i s  l ower  than T a ,  the following two 
phenomena can  o c c u r ,  depending upon the s t r e s s  leve l  a t  f r a c t u r e  
init iation: 

1 )  Whcn a c r a c k  in i t ia tes  a t  a s t r e s s  below the c r i t i c a l  
s t r e s s  VW, the c r a c k  will  be a r r e s t e d  a f t e r  running a 
c e r t a i n  d i s t ance .  The comple t e  f r a c t u r e  will  o c c u r  a t  
the yield s t r e s s  (ST).  

2 )  When a c r a c k  in i t ia tes  a t  a s t r e s s  h i g h e r  than  V W ,  
comple te  f r a c t u r e  o c c u r s .  

Analytical  inves t iga t ions  of b r i t t l e  f r a c t u r e  a l s o  have  been  m a d e .  
128,129 The  f r a c t u r e  m e c h a n i c s  theo ry  developed by G ~ - i f f i t h , l ~ ~  I rwin ,  

and o t h e r  i nves t iga to r s  h a s  been  widely appl ied to uns tab le  b r i t t l e  
f r a c t u r e s  of high- s t r eng th  m a t e r i a l s ,  e s p e c i a l l y  u l t rah igh-  s t r e n g t h  
m a t e r i a l s  fo r  a e r o s p a c e  appl ica t ions .  130, 131, 132 

s t r e s s  i s  applied to a plate containing a s h a r p  t r a n s v e r s e  c r a c k ,  the 
f r a c t u r e  s t r eng th ,  c r y  d e c r e a s e s  with i n c r e a s i n g  c r a c k  length,  1 = 2a 
(provided  that I, i s  g r e a t e r  than a c e r t a i n  c r i t i c a l  length kc ) :  

When un i fo rm tens i le  

K = ~ r &  = Kc.  ( 3 7 )  

I n  o t h e r  words ,  f r a c t u r e  o c c u r s  when the s t ress - in tc . i i s i ty  f a c t o r ,  K ,  
r e a c h e s  a cr , r ta in  value,  K c ,  which i s  c h a r a c t e r i s t i c  f o r  the m a t e r i a l .  
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I ‘ .  Kc is ca l led  the  c r i t i c a l  s t r e s s - i n t e n s i t y  f a c t o r  o r  the f r a c t u r e  tough- 
I n e s s  of a m a t e r i a l .  ::: 

Fracture stress without sharp notch 7 

Fracture stress with sharp notch 

But no residual stress 

I <kid stress 

I u /  
I I I  

Propagation Arrest Fracture stresses with - -  sharp notch and residual stress 

I 

I 
I I to Upper limit of working stress 

t t t  t 
W 

To T f  

Temperature A-48528 

F i g u r e  47. E f fec t s  of S h a r p  Notch and Res idua l  S t r e s s  
on F r a c t u r e  S t r eng th  

(Kiha ra  and M a s ~ b u c h i ) ” ~  
__ _. 

:::The 4STM C o m m i t t e e  o n  F r a c t u r e  Tcs t ing  of High-Strength Sheet 
M a t e r i z l  si33 h a s  desc r ib t , d  me thods  of m e a s u r i n g  f r a c t u r e  toughness  of 
high-  s t r e n g t h  s h e e t  m a t c r i a l s  ( f e r r o u s  and nonfe r rous  m a t e r i a l s  having 
a s t r engch- to -dens i ty  r a t i o  of m o r e  than 700, 000 p s i / l b / i n .  3 ) .  
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134 K a m m e r ,  e t  al. , proposed  the m e c h a n i s m  shown schemat i ca l ly  

* 
i n  F i g u r e  48 t o  explain ana ly t ica l ly  the e f f e c t s  of r e s i d u a l  s t r e s s  on 
b r i t t l e  f r a c t u r e .  When a m a t e r i a l  does  not conta in  r e s i d u a l  s t r e s s ,  
the  re la t ionship  be tween c r a c k  length,  e ,  and the  s t r a i n - e n e r g y  r e l e a s e  
r a t e  with c r a c k  ex tens ion  G = K 2 / E  (E is Young’s  modu lus )  is  e x p r e s s e d  
by a s t r a igh t  l ine ,  OA, as expec ted  by  Equat ion  (37) .  F r a c t u r e  wi l l  
ex tend  when the  G value is  g r e a t e r  than  Gc = K c / E ;  i n  o t h e r  w o r d s ,  a n  
in i t ia l  c r a c k  h a s  to  be longe r  than  kc f o r  uns tab le  f r a c t u r e  to  o c c u r .  
However ,  when uni form t ens i l e  s t r e s s ,  u, is appl ied to  a p la te  that  
con ta ins  r e s idua l  s t r e s s e s ,  the r e l a t ionsh ip  be tween the  c r a c k  length 
and the  s t r a i n - e n e r g y - r e l e a s e  r a t e  may be as  shown s c h e m a t i c a l l y  by 
c u r v e  ORB. If a n  in i t ia l  c r a c k  is  loca ted  i n  a n  a r e a  which conta ins  
high tens i le  r e s idua l  s t r e s s e s ,  the  G va lue ,  while  the c r a c k  is  s t i l l  
s h o r t ,  i s  i n c r e a s e d  s igni f icant ly  and uns tab le  f r a c t u r e  c a n  o c c u r  f r o m  
a c r a c k  a s  s h o r t  as  a rc  ( the  G value i s  g r e a t e r  than  Gc f o r  any  c r a c k  
longe r  than A r c ) .  

2 

F i g u r e  48 expla ins  why low-appl ied-  s t r e s s  f r a c t u r e s  as shown i n  

T h i s  type of a p p r o a c h  c a n  be used  
F i g u r e  47 take  p lace  when a s h a r p  notch is loca ted  i n  a r e a s  contain-  
ing high tens i le  r e s idua l  s t r e s s e s .  
f o r  evaluat ing r e s idua l -  s t r e s s  d i s t r ibu t ions  on  the  b a s i s  of t h e i r  
po ten t ia l  e f fec ts  on b r i t t l e  f r a c t u r e  of the m e t a l  s t r u c t u r e .  
r e s i d u a l - s t r e s s  d i s t r ibu t ion  i s  known, the  G va lue  when d c r a c k  ex tends  
to  a c e r t a i n  length c a n  be ca l cu la t ed  and c o m p a r e d  wi th  the m a t e r i a l  
p r o p e r t y  Gc.  
d i s t r ibu t ion  have  been p roposed  by s e v e r a l  i n v e s t i g a t o r s  including 
Ma s u b ~ c h i ’ ~ ~  and B a r  e nbl a t t .  

When the  

Methods of ca lcu la t ing  the  G value f o r  a given s t r e s s  

136 

c. Fa t igue  F r a c t u r e  - -- 

Much r e s e a r c h  has been  done on the  e f f ec t s  of r e s i d u a l  
137, 138, 139 s t r e s s e s  on the fat igue f r a c t u r e  of m e t a l s  and  m e t a l  s t r u c t u r e s .  

The  p rob lem,  however ,  is  s t i l l  unde r  deba te .  
t o r s  have  r e p o r t e d  that  the  fa t igue  s t r e n g t h  (.the n u m b e r  of c y c l e s  a t  
f r a c t u r e  under  a given load ,  o r  the  endurance  l i m i t )  i n c r e a s e d  when 
spec imens  had c o m p r e s s i v e  r e s i d u a l  s t r e s s e s ,  e s p e c i a l l y  on the  spec i -  
m e n  s u r f a c e s .  On the o t h e r  hand ,  a n u m b e r  of i n v e s t i g a t o r s  have  
belicvc>d that the effect  of r e s i d u a l  s t r e s s  would be wiped out  a f t e r  
c e r t a i n  numbers  of s t r e s s  c y c l e s  a r e  appl ied  t o  s p e c i m e n s .  

A n u m b e r  of i nves t iga -  

It h a s  been  e s t ab l i shed  tha t  the  f a t igue  s t r e n g t h  i s  s t rong ly  depend-  
ent  on thc  condition of the  s u r f a c e  of a spec imen .  
have  obse rved  tha t  no tches  on the  Spec imen,  e v e n  when  they w e r e  v e r y  
sha l low,  dec reased  d r a s t i c a l l y  the f a t igue  s t r e n g t h  of t he  spec imen .  
Consequent ly ,  i t  i s  r e a s o n a b l e  to  a s s u m e  tha t  high t e n s i l e  r e s i d u a l  s t r e s s e s  
i n  a r e a s  near  the s u r f a c e  m a y  d e c r e a s e  the  fa t igue  s t r e n g t h  of a s t r u c t u r e .  

Many i n v e s t i g a t o r s  



I . .  

I ' .  
I 

U 

Stress  distribution 
under tensile loading 

Init ial  residual stress 
distribution 

residual stress 

U 

Uni form S t r e s s  u 
(No residual  s t ress)  

Q rc 

Crack Length 

F i g u r e  48. M e c h a n i s m s  of Effec ts  of R e s i d u a l  S t r e s s e s  
on B r i t t l e  F r a c t u r e  

(Kamrner ,  et al. ) 134 

d. Buckling 

F a i l u r e s  due  t o  instabi l i ty ,  o r  buckling, somet i .mes  occur  
i n  m e t a l  s t r u c t u r e s  composed  of s l ende r  b e a m s  o r  thin p l a t e s .  
o c c u r s  unde r  c o m p r e s s i v e  ax ia l  loading, and i t  a l s o  o c c u r s  unde r  bend- 
ing and to r s iona l  loading. I t  has been known tha t  r e s i d u a l  c o m p r e s s i v e  
s t r e s s e s  d e c r e a s e  the  buckling s t r eng th  of a m e t a l  s t r u c t u r e .  
D i s t o r t i o n  c a u s e d  by r e s i d u a l  s t r e s s e s  a l s o  d e c r e a s e s  the buckling 

Buckling 

140, 141 
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s t r e n g t h ,  as d e s c r i b e d  i n  r e l a t ion  to F i g u r e  44. 
In te rna t iona l  Ins t i tu te  of Welding r ecen t ly  p r e p a r e d  a r e p o r t  based  on 
the informat ion  given a t  a col loquium to the s tudy of the  e f fec ts  of 
r e s i d u a l  s t r e s s e s  on ins tab i l i ty  phenomena  in  m e t a l l i c  s t r u c t u r e s .  
Res idua l  s t r e s s e s  r educe  s ignif icant ly  the s tab i l i ty  of m e t a l  s t r u c t u r e s  
under  c e r t a i n  condi t ions.  F o r  example ,  the c r i t i c a l  load of a n  ax ia l ly  
loaded I -beam f a b r i c a t e d  by welding m a y  only be about  50 p e r c e n t  of 
that  of a beam without r e s idua l  s t r e s s e s .  

C o m m i s s i o n  X of the  

141 

With r e g a r d  to  the e f f e c t  of buckling s t r e n g t h ,  r e s i d u a l  s t r e s s e s  
with the  following n a t u r e  a r e  impor t an t :  

Widely d i s t r ibu ted  c o m p r e  s s ive  r e s i d u a l  s t r e  s s e  s 

Dis tor t ion  caused  by r e s idua l  s t r e s s e s .  

E .  Dimens iona l  Stabi l i tv  

When a m e t a l  p a r t  which con ta ins  r e s i d u a l  s t r e s s e s  is 
machined ,  d i s t o r t i o n  m a y  take  place b e c a u s e  of r ed i s t r ibu t ion  of r e s i -  
dua l  s t r e s s e s .  With r e g a r d  to the d i m e n s i o n a l  s tab i l i ty ,  r e s i d u a l -  
s t r e s s  d i s t r ibu t ions  which c a u s e  bending o r  t o r s i o n a l  d i s t o r t i o n  by the  
r emova l  of m e t a l  po r t ions  a r e  m o s t  d e t r i m e n t a l .  Loca l i zed  s t r e s s e s  
usua l ly  a r e  not impor t an t  f r o m  the  viewpoint of d imens iona l  s tab i l i ty .  
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Section VI. RECOMMENDATIONS FOR FURTHER RESEARCH 

One of the m o s t  i m p o r t a n t  obse rva t ions  m a d e  du r ing  th i s  s t a t e -o f -  
t h e - a r t  s u r v e y  h a s  been that  t he re  is no nondestruct ive method that  
c a n  be used  to m e a s u r e ,  with sa t i s f ac to ry  a c c u r a c y  and r e a s o n a b l e  
c o s t  and  t i m e ,  residual.  s t r e s s e s  produced in such  m e t a l  s t r u c t u r e s  a s  
s t r u c t u r a l  components  of space  boos te rs .  
l i t t l e  h a s  been done to m e a s u r e  res idua l  s t r e s s e s  and d i s to r t ions  du r ing  
v a r i o u s  s t a g e s  of fabr ica t ion  so  that the s t r u c t u r e  will have  m i n i m u m  
r e s i d u a l  s t r e s s e s  and d is tor t ions  a f t e r  i t  is complet6d. 

I t  was  a l so  o b s e r v e d  tha t  

1. Development of Nondestructive Methods of Measuring Residual Stresses 

At p r e s e n t ,  the d e s t r u c t i v e  and s c m i d e s t r u c t i v e  m e t h o d s ,  in  
which the e l a s t i c  s t r a i n  r e l e a s e  produced by dr i l l ing  o r  machin ing  is  
m e a s u r e d ,  a r e  m o s t  widely used.  However ,  they a r e  not only damag ing  
but a l s o  expensive and  t i m e  consuming.  I t  i s ,  t he re fo re ,  u rgen t  to 
develop nondestruct ive me thods  fo r  m e a s u r i n g  r e s i d u a l  s t r e s s e s .  
m o s t  p r o m i s i n g  techniques,  on the bas i s  of the p r e s e n t l y  ava i lab le  
informat ion ,  a r e  the X - r a y  diffraction technique and the u l t r a s o n i c  
technique.  

The  

T h e  X - r a y  diffract ion technique h a s  been used  to s o m e  exten t  f o r  
d e t e r m i n i n g  r e s i d u a l  s t r e s s e s  in  m e t a l s .  However ,  the a c c u r a c y  of 
da ta  m u s t  be improved  and the t i m e  r e q u i r e d  f o r  tes t ing n e e d s  to be 
s h o r t e n e d  before  the technique c a n  be used  extensively.  It h a s  been 
r ecogn ized  tha t  the d i f f r a c t o m e t e r  technique h a s  v a r i o u s  advan tages  
o v e r  the film technique,  however ,  the d i f f r a c t o m e t e r  technique is 
appl icable  only to small s p e c i m e n s .  L imi t ed  appl icat ions m a y  be one 
of m a j o r  r e a s o n s  why no por tab le  d i f f rac tometer  unit i s  c o m m e r c i a l l y  
ava i lab le .  
d i f f r a c t o m e t e r  uni ts  so  that  r e s i d u a l - s t r e s s  m e a s u r e m e n t s  c a n  be 
m a d e  with g r e a t e r  a c c u r a c y  and l e s s  t i m e .  

It i s  r ecommended  tha t  e f for t s  be m a d e  to build por tab le  

At  the p r e s e n t  s t age ,  the u l t rasonic  technique is  a ' l a b o r a t o r y  
technique tha t  w o r k s  only on s imple  s t r e s s  f ie lds .  
made to develop the technique s o  that it c a n  be used on metal s t r u c t u r e s  
containing c o m p l e x  r e s i d u a l  s t r e s s e s .  

E f f o r t s  m u s t  be 

2. Measurement and Control of Residual Stresses During Fabrication 

In m o s t  fabr ica t ion  j c b s  it is  too l a t e  to find tha t  the s t r u c t u r e s  
have  high r e s i d u a l  s t r e s s e s  a f t e r  they a r e  completed.  
advan tageous  to m e a s u r e  r e s i d u a l  s t r e s s e s  a t  v a r i o u s  s t a g e s  of f a b r i -  
c a t i o n  and to cont ro l  the r e s i d u a l  s t r e s s e s  and d is tor t ions  to a m i n i m u m .  

I t  i s  m o r e  

107 



To do this  thoroughly r e q u i r e s  s imple  and r e l i ab le  nondes t ruc t ive  
me thods  of r e s idua l  s t r e s s e s  which a r e  not ava i lab le  a t  the  p r e s e n t  
t i m e .  Neve r the l e s s ,  t h e r e  a r e  ways to  obtain s o m e  in fo rma t ion  about.  
r e s i d u a l  s t r e s s e s  produced  du r ing  v a r i o u s  s t a g e s  of fabr ica t ion .  
t h e r e  i s  no s ingle  technique which c a n  be appl ied to a l l  c a s e s ,  a c o m -  
bination of v a r i o u s  techniques  wi l l  be m o s t  a p p r o p r i a t e  f o r  a spec i f i c  
job.  
welding fabr ica t ion  of s t r u c t u r e s ,  f o r  e x a m p l e ,  the  following c a n  be 
done: 

Since 

F o r  cont ro l l ing  r e s i d u a l  s t r e s s e s  and d i s to r t ions  produced  du r ing  

When a hole  is  d r i l l ed  o r  cu t ,  r e s i d u a l - s t r e s s  m e a s u r e -  
m e n t s  based on the  s t r e s s - r e l a x a t i o n  technique m a y  be m a d e .  

S t r a i n  gages  m a y  be mounted on  s o m e  por t ions  of a s t r u c -  
t u r e  somewhat  away f r o m  the weld and the  s t r a i n  changes  produced  by 
welding can be m e a s u r e d .  
r eac t ion  s t r e s s e s  produced in c o n s t r a i n e d  jo in t s ,  such  as patch we lds .  

Th i s  technique wil l  be usefu l  to  s tudy  

M e a s u r e m e n t s  can  be m a d e  on t r a n s v e r s e  sh r inkage  
a c r o s s  the weld,  longitudinal sh r inkage  along the weld ,  and d i s to r t ion  
of a welded s t r u c t u r e .  Rough e s t i m a t i o n  of r e s i d u a l  s t r e s s e s  m a y  be 
m a d e  f r o m  t h e s e  obse rva t ions .  

M e a s u r e m e n t s  c a n  be m a d e  on  the  d e g r e e  of c o n s t r a i n t  
of a jo in t  ( F i g u r e  4 2 ) .  
due  to e x c e s s i v e  c o n s t r a i n t  of a weld joint .  

T h e s e  m e a s u r e m e n t s  will  he lp  p r e v e n t  c r a c k i n g  

M e a s u r e m e n t  of the above-ment ioned  va lues  p lus  a p p r o p r i a t e  m a t h e -  
m a t i c a l  ana lys i s  based  on the m e a s u r e d  d a t a  would p r o v i d e ,  i n  m o s t  
c a s e s ,  in format ion  which i s  usefu l  in  cont ro l l ing  r e s i d u a l  s t r e s s e s  and 
d i s to r t ions  and in  prevent ing  t roub les  such  as weld c r a c k i n g .  

3. Effects of Variations in Procedures on the Magnitude and Distribution 
of Residual Stresses 

It h a s  been  known tha t  the magn i tude  and  d i s t r ibu t ion  of r e s i d u a l  
s t r e s s e s  will  be changed when v a r i a t i o n s  i n  p r o c e d u r e s  a r e  m a d e .  
e x a m p l e ,  r e s i d u a l  s t r e s s e s  and d i s t o r t i o n s  m a y  be  d i f f e ren t  when 
d i f fe ren t  welding p r o c e d u r e s  a r e  used .  
i s  qui te  useful i n  pred ic t ing  how m u c h  r e s i d u a l  s t r e s s  wi l l  be produced  
a f t e r  the  fabr ica t ion  and in  se l ec t ing  p r o p e r  manufac tu r ing  p r o c e d u r e s .  
M o r e  r e s e a r c h  is  needed on the e f f ec t s  of v a r i a t i o n s  in  p r o c e d u r e s  on 
the  magnitude and d i s t r ibu t ion  of r e s i d u a l  s t r e s s e s ,  e s p e c i a l l y  r e s i d u a l  
s t r e s s e s  and d i s to r t ions  due  to welding a l u m i n u m  a l loys .  
r e s e a r c h h a s  b e e n m a d e  on r e s i d u a l  s t r e s s e s  and d i s t o r t i o n s  produced  d u r -  
ing welding s t e e l ,  but only l imi t ed  i n f o r m a t i o n  is  ava i l ab le  on a l u m i n u m  alloys. 

F o r  

I n f o r m a t i o n  on  t h e s e  s u b j e c t s  

Ex tens ive  
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APPENDIX 
STRESS CALCULATIONS 

1. S t r e s s e s  Acting on an Inclined Plane 

T o  s impl i fy  the d i s c u s s i o n ,  an ana lys i s  f o r  the two-dimens iona l  
plane s t r e s s  (uZ = T~~ = T 

plane BC a r e  ( F i g u r e  49) 
= 0 )  is given h e r e .  S t r e s s  components  on 

Y Z  

2 2 
u n  = u x  c o s  + t u s in  + t 2 T~~ s i n  + c o s  + Y 

X Y  Y ( 3 8 )  
2 

T = T ( c o s  + - s in2  $1 t (u - ux) s in  + c o s  + , 
w h e r e  

u n  i s  the n o r m a l  s t r e s s  on  plane BC 

T is the s h e a r i n g  s t r e s s  on plane BC 

+ i s  the angle  between the n o r m a l  to the plane,  N,  and the 
n- a x i s .  

Tr 
T = 0 a t  the following ang le s  + and + t - :  

2 

1 s i n  + cos  + - - TXY - t an  + = 
2 cos2 + - s in2  + ax - my 

( 3  9 )  

T h e s e  two d i r e c t i o n s  a r e  ca l l ed  the  pr inc ipa l  d i r ec t ions .  

2. Calculation of Thermal Stresses in a Three-Bar Frame 

S t r a i n s  i n  the middle  and t"e s ide  b a r s  m u s t  be the s a m e :  

w h e r e  

urn and us = s t r e s s e s  in  the midd le  and  s ide b a r s ,  r e spec t ive ly  

E m a n d E s  = Young's modulus of the midd le  and s ide  b a r s ,  
r e spec t ive ly  



a = coeff ic ient  of l i n e a r  t h e r m a l  expans ion  

A T  = the  t e m p e r a t u r e  change. 

F o r c e s  in  the b a r s  m u s t  be in  equ i l ib r ium:  

u,A, t r sAs  = 0 , 

w h e r e  A, and As = sec t iona l  a r e a  of the  midd le  a n d , s i d e  b a r s ,  r e s p e c -  
t ively.  In t h i s  c a s e ,  As = 2%. 

Y 

I N 

/ 

+aY 

F i g u r e  49. S t r e s s  Componen t s  on Incl ined P l a n e  BC 

By solving the above equat ion,  urnis  g iven  as  fol lows:  

(42)  
1 

u = - 2 a * A T . E s  x 

- 1  2 -  
m ES 

Em 

Since changes  in  p r o p e r t i e s  i n  the  t e m p e r a t u r e  r a n g e  be tween 
r o o m  t e m p e r a t u r e  and a p p r o x i m a t e l y  300" F a r e  not  g r e a t ,  they a r e  
a s s u m e d  to be cons t an t  a s  fol lows:  

1 2 6  



E m  - Es = 1 0 . 8  x lob p s i  

a = 13. 3 x 1 0 - 6 / F .  

I 
I The  unagnitctdc of thcxrnial s t r e s s  \vhc,n the niiddlc b a r  i s  hea ted  is 

1 ~ 1 1 ~  = - 2  x 13. 3 x 1 0 . 8  x & T  - 287 x AT. 

Thus, thc l ine AB i s  d e t c r m i n c d .  
the )-icld strc’ss at v a r i o u s  tc ,mpera tures  (Tab le  I). 

Curves  P B C Q  and E D R  r e p r e s e n t  

3. Stress Components Expressed in the Polar Coordinates 

x = r cos e ,  y = r sin 8 

or x t i y  = r e i ’  

+ N .  I. Muskhc~lishvi l i ,  SOME BASIC PROBLEMS O F  MECFI- 
ANICAL THEORY O F  ELASTICITY, C roningcn, Holland, 
P. Noordhot t  L t c . ,  1953.  
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