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ABSTRACT 

Vibratory Stress Relief in Mild Steel Weldments 

S. Shankar, Ph.D. 
Oregon Graduate Center, 1982 

Supervising Professor: William E. Wood 

The influence of resonant and sub-resonant frequency vibration 

on the longitudinal residual stresses in A-36 mild steel weldments has 

been studied. Residual stress analysis was carried out using section- 

ing, x-ray and blind-hole-drilling techniques. The hole-drilling 

method was modified to take into account the effect of local plastic 

yielding due to stress concentration and the machining stresses, with 

a resultant accuracy comparable to that obtained by the sectioning 

method. As a result of the vibratory treatments, residual stress re- 

distribution occurred near the weld; the peak stresses were decreased 

by up to 30%. The resonant frequency vibration had a more pronounced 

stress redistribution as compared to the sub-resonant frequency vibra- 

tion. Transmission electron microscopy studies indicated local plastic 

deformation as the mechanism by which this stress reduction occurred. 

Constant amplitude axial fatigue experiments on samples machined from 

regions adjacent to the weld showed that both the vibratory techniques 

did not induce any fatigue damage. 



OBJECTIVE 

Vibratory methods have been used for the last several decades to 

modify internal stresses in castings, forgings and welded structures. 

In recent years, a process called vibratory stress relief (VSR) has 

been applied with increasing success to attain shape stabilization and 

to control distortion. Attempts to use VSR methods for stress relief 

or stress redistribution to guard against service failures such as 

fatigue and stress corrosion cracking have met with limited success. 

Although to date several studies have shown that vibrations do change 

residual stresses, there have been few fundamental studies undertaken 

to establish the mechanism(s) by which vibratory methods alter the 

residual stresses during welding. The lack of fundamental analysis 

combined with suggested operating practices that were contradictory in 

nature has increased the skepticism about the success of the technique 

in reducing residual stresses. A better understanding of the process 

in terms of its mechanism(s) together with the attendant effects is 

essential if VSR is to be used as a viable technique for altering 

residual stresses. 

The objectives of this investigation were to study: 

1. The conditions under which VSR works; 

2. The effect of VSR on residual stresses and the extent 

of stress relief; 



3. The mechanism(s) by which VSR brings about the stress 

relief; and finally, 

4. Whether or not VSR causes fatigue damage. 



CHAPTER 1 

INTRODUCTION 

Residual stresses are of concern to producers and users of all 

types of machinery and structures and may cause dimensional instabil- 

ity during machining, contribute to low-stress brittle fracture and 

reduce fatigue strength. Those who make and use welded fabrications 

must be particularly concerned with the effects of residual stresses 

because of the relatively high residual stress levels inherently 

produced with most common welding processes. 

When it is desired to reduce residual stresses in a fabrication 

to as low a level as possible, the most widely used and successful 

method is thermal stress relief. Specifying temperature, time and heat- 

ing and cooling rates are all that is usually necessary to guarantee 

reduction of residual stresses to reliably low levels throughout a 

fabrication. 

Thermal stress relief, however, can have certain adverse effects 

such as scaling, discoloration, loss of finish, distortion, metal- 

lurgical changes in the microstructure, etc. It is also, in some 

instances, time consuming and, with increasing energy costs, very 

expensive. Since residual stresses are developed to some degree in 

virtually every machining operation, there are many situations where 

it would be advantageous to stabilize the part at several stages of 

fabrication. Thermal cycling would be impractical in these cases. 



Also, large components like gas storage tanks, bridge structures, and 

rail car panels are impossible or impractical to stress relieve by 

thermal treatments. In this background, an alternative technique of 

stress reliefLs2 that employs mechanical vibration, has emerged. 

This process is called vibratory stress relief (VSR) or vibratory 

metal stabilization (VMS). Over the last fifteen years, this method 

of stress relief has evolved from a little-known art into a basic 

process, and one which for some industries is now well tried and 

established as an alternative to thermal treatment for stabilizing 

castings, fabrications, and bar components. 3-5 

The major interest in vibrational stress relief has been its 

relative simplicity compared with thermal stress relief. For instance, 

compared with thermal stress relief equipment commercially available, 

vibratory stress relief equipment is far less expensive, requires con- 

siderably less time for the stress relief treatment, is more portable, 

generally occupies less floor space, and causes no oxide scale forma- 

tion. However, there is little experience in predicting the effect- 

iveness of the treatment and there is little quantitative information 

on the effectiveness, use, or magnitude of any effects and the mechan- 

ism involved. In the absence of such quantitative information, it is 

difficult to determine when and where vibratory stress relief may be 

effectively applied, particularly in massive complex fabrications. 

The present study was undertaken to provide some quantitative 

data on the vibratory stress relief process applied to A-36 mild 

steel butt welds. The various phases of this study focused on the 



analysis of vibration, residual stress analysis using sectioning, 

x-ray and blind-hole-drilling techniques, and the effect of vibration 

on the microstructure and the mechanical properties of the weldments. 

This comprehensive study is unique in that it combines vibration 

methodology, residual stress analysis, microstructural analysis, 

and mechanical testing. 



CHAPTER 2 

BACKGROUND 

2.1. Vibratory Stress Relief 

Vibration, in its various forms, has been used to stabilize parts 

for many years. For example, in the ancient art of "hammer anneal- 

ing," a high amplitude, gradually decaying vibration was induced by 

repeated hammer blows. Large castings, at one time, were stabil- 

ized by dropping them from a considerable height into a pile of sand. 

In the "natural aging" process, the workpieces were stored outdoors 

for a considerable period of time. The metal expanded and contracted 

with changes in ambient temperature at a very low frequency of 

one cycle per day. The nature of the vibrations produced in these 

methods made them uncontrollable, unpredictable, and too slow. Gradual 

experimentation to make the process more repeatable by the control and 

monitoring of vibrations used has paved the way to the state-of-the- 

art vibratory stress relief techniques. 

The actual process of vibratory stress relief is simple and con- 

sists of inducing a metal structure to be stabilized into one or more 

resonant or sub-resonant vibratory states using high force exciters. 

Vibrational stress relief equipment commercially available generally 

consists of a variable-speed motor driving eccentric weights (also 

known as the vibrator) and its associated power supply and control 

equipment. 



The v i b r a t i o n s  can be imparted t o  t h e  workpiece i n  two ways. 

I f  t h e  s t r u c t u r e  is  s u f f i c i e n t l y  l a r g e ,  t h e  v i b r a t o r  can be clamped 

d i r e c t l y  t o  i t  and t h e  motor energized t o  v i b r a t e  t h e  workpiece. The 

workpiece is i s o l a t e d  from t h e  ground by suppor t ing  on rubber  o r  foam 

pads, s o  t h a t  t h e  v i b r a t i o n s  a r e  not  l o s t  o r  taken up by t h e  support-  

ing  s t r u c t u r e .  Another way of impart ing v i b r a t i o n s  u t i l i z e s  a s p e c i a l  

v i b r a t i o n  t a b l e .  Here t h e  v i b r a t o r  i s  a t t ached  t o  t h e  t a b l e  t op  which 

i s  f r e e l y  suspended on i n f l a t a b l e  rubber  pads. The workpiece i s  

clamped t o  t h e  top  of t h e  t a b l e  and t h e  motor energized t o  v i b r a t e  

t h e  t a b l e  and, hence, t h e  workpiece. Small p a r t s ,  whose n a t u r a l  f r e -  

quencies  l i e  o u t s i d e  t h e  range of t h e  v i b r a t o r ,  can be e f f e c t i v e l y  

t r e a t e d  us ing  t h e  v i b r a t i o n  t a b l e .  By combining t h e  small  workpiece 

w i t h  t h e  t a b l e ,  t h e  n a t u r a l  f r equenc ie s  of t h e  e n t i r e  combination can 

be brought down t o  be s u c c e s s f u l l y  v i b r a t e d .  An acce lerometer  

clamped t o  t h e  s t r u c t u r e  o r  t h e  t a b l e  i s  used t o  f i n d  t h e  n a t u r a l  

f r equenc ie s .  The frequency of v i b r a t i o n  depends upon t h e  m a t e r i a l  of 

t h e  workpiece, i t s  s i z e  and shape. I n  gene ra l ,  t h e  f r equenc ie s  

encountered a r e  l e s s  than  100 Hz. The v i b r a t o r y  t rea tment  i t s e l f  is  

s h o r t ,  u s u a l l y  l e s s  than  30 minutes.  

Curren t ly ,  t h e r e  a r e  two types  of v i b r a t o r y  t rea tment  i n  p r a c t i c e .  

I n  t h e  f i r s t  type ,  t h e  u n i t  i s  a t t ached  t o  t h e  s t r u c t u r e  and i s  

energized and scanned very  s lowly from zero t o  i t s  maximum 

frequency (e .g. ,  0-100 Hz i n  about  8 minutes) .  The response of t h e  

s t r u c t u r e  is  monitored and t h e  resonant  f r equenc ie s  noted.  Usual ly 

two o r  t h r e e  such f r equenc ie s  e x i s t .  The v i b r a t o r  is  then turned o f f  



and r e tu rned  t o  a speed t h a t  corresponds t o  t h e  f i r s t  low resonant  

f requency of t h e  s t r u c t u r e .  The v i b r a t i o n  is allowed t o  cont inue  f o r  

a g iven  l e n g t h  of  t ime (usua l ly  about  1 0  minutes) ,  a t  t h e  end of 

which t h e  frequency i s  slowly ramped ou t  of t h e  resonant  cond i t i on  

u n t i l  t h e  next  h igher  resonant  frequency i s  found and t h e  p roces s  is  

repea ted .  

I n  t h e  second type  of v i b r a t o r y  technique,  a f t e r  t h e  i n i t i a l  

scanning t o  determine t h e  resonant  f r equenc ie s ,  t h e  v i b r a t i o n  is held 

a t  f r equenc ie s  j u s t  below each resonant  frequency. Usual ly,  t h e  work- 

p i e c e  is v i b r a t e d  a t  a frequency 1 0  Hz below t h e  resonant  frequency. 

One a s p e c t  of t h i s  s tudy  d e a l s  w i th  t h e  e f f e c t i v e n e s s  of t h e s e  two 

p r a c t i c e s .  

2.2 .  Mechanism of S t r e s s  Rel ie f  by VSR 

During a thermal  s t r e s s  r e l i e f  t rea tment ,  t h e  y i e l d  p o i n t  of t h e  

m a t e r i a l  is  s u b s t a n t i a l l y  lowered, a l lowing t h e  s t r e s s e s  (which may 

now we l l  exceed t h e  new, h igh  temperature y i e l d  p o i n t )  t o  cause 

p l a s t i c  flow and reduce t h e  l e v e l  of r e s i d u a l  s t r e s s e s .  However, 

t h e  mechanism of stress r e l i e f  by v i b r a t i o n  i s  no t  f u l l y  understood. 

Cur ren t ly ,  t h e r e  a r e  two major hypotheses proposed t o  exp la in  t h e  

mechanism of stress r e l i e f  by v i b r a t i o n .  One hypothes is  draws an 

analogy between s t r e s s  r e l i e f  by v i b r a t i o n  and by h e a t  t rea tment  by 

r e l a t i n g  i t  t o  t h e  displacements  of t h e  atoms t h a t  bu i ld  up t h e  

c r y s t a l  l a t t i c e .  1' 31-33 The low-f requency v i b r a t i o n s  a r e  supposed t o  

impart  s u f f i c i e n t  energy t o  t h e  atoms t o  enable  them t o  t a k e  up new 



positions. This theory based on internal friction can presumably 

be applied to materials that display a pronounced tendency towards 

natural aging. However, there seems to be no experimental evidence 

to support this conjecture. 

The other hypothesis attributes the stress relief due to the 

process of plastic deformation. 34 ,35  
Unlike the previous supposition, 

a number of experimental investigations 36-40 have shown that during 

vibrational treatments, the combined residual and cyclic stresses 

exceed the yield point of the material, resulting in residual stress 

reduction by plastic deformation. However, none of these investiga- 

tions presented direct observations of plastic deformation. 

In the present investigation, an attempt is made to document 

the occurrence of plastic deformation in the vibrational treatments. 

2.3. Residual Stress Measurement Techniques 

An accurate assessment of the efficiency of any stress relief 

treatment involves measurement of residual stresses before and after 

the treatment, and virtually every conceivable method of monitoring 

displacements has been employed. For ease of reference these can be 

classified into the following groups: 

1. Mechanical 

2. Moire and associated techniques 

3 .  X-ray 

4. Ultrasonic 

5 .  Magneto-elastic 

6 .  Analytical 



A complete sumary of all the published literature on this subject 

has been adequately covered in reviews. 
6-8 

By far the most practical, well-developed, and hence widely 

used techniques are sectioning, blind-hole-drilling (both mechanical 

types), and x-ray. In the present study, the first two methods were 

widely used, together with x-rays (to a limited extent), for 

residual stress analysis. Since accurate residual stress analysis 

is a key part of this investigation, and a shortcoming of many previ- 

ous studies, a brief description of the methodology, merits, and 

shortcomings of these three techniques are outlined in the following 

sections. 

2.3.1. Sectioning Method 

All mechanical techniques involve some degree of destruction. In 

particular, the sectioning technique is completely destructive and 

herein lies its major disadvantage. This method has been success- 

fully applied to accurately measure uniaxial and biaxial states of 

stress and to a limited extent triaxial residual stress. The method 

consists in carefully sectioning the workpiece in which residual 

stresses are to be determined into smaller strips and measuring the 

change in strain in each individual strip. The series of strains 

thus measured gives the stress distribution in the entire workpiece, 

using the formula a = EE. The actual geometry of slicing and the 

formulae to be used depend on specific situations. 9s10 The method, 

apart from being destructive, is very time consuming since the cutting 



process  should be done s lowly,  cool ing  t h e  specimen wi th  a  j e t  of 

coo lan t  t o  ensure  t h a t  c u t t i n g  i n  i t s e l f  does no t  produce any s t r a i n s .  

I n  t h e  p re sen t  i n v e s t i g a t i o n  t h e  accuracy of t h e  sec t ion ing  tech- 

n ique  used was about + 3.5  MPa i n  mild s t e e l  samples. Due t o  t h i s  

h igh  accuracy of s t r e s s  measurement, t h e  s e c t i o n i n g  technique was 

used as a s tandard  a g a i n s t  which t h e  o t h e r  s t r e s s  measurement tech- 

n iques  were compared. 

2.3.2. X-Ray D i f f r a c t i o n  Method 

The x-ray d i f f r a c t i o n  procedure f o r  determining t h e  s u r f a c e  

r e s i d u a l  s t r e s s e s  is  w e l l  e s t a b l i s h e d .  The fundamental theory  

of s t r e s s  measurement by means of x-rays i s  based on t h e  f a c t  t h a t  

t h e  i n t e r p l a n a r  spacing of t h e  atomic p lanes  w i t h i n  a  specimen i s  

changed when sub jec t ed  t o  s t r e s s .  A change Adhkk, i n  t h e  i n t e r p l a n a r  

spacing d w i l l  cause a  corresponding change, A @ ,  i n  t h e  Bragg 
hkil 

ang le  of d i f f r a c t i o n  by t h e  family of p lanes .  The s t r a i n  Ad/d can 

be measured by t h e  change i n  t h e  d i f f r a c t i o n  ang le  and t h e  s t r e s s  

can be obta ined  from t h e  s t r a i n  w i t h  formulae der ived  from l i n e a r  

i s o t r o p i c  e l a s t i c  theory.  

I n  p r a c t i c e  t h e  a n g l e  of d i f f r a c t i o n  of x-rays i s  measured 

e i t h e r  by a  back r e f l e c t i o n  camera o r  by a  s u i t a b l e  d i f f r a c t o m e t e r ,  

w i th  a  maximum accuracy of t h e  o rde r  of + 0.02 degree.  l3 This  means 

t h a t  t h e  va lue  of t h e  l a t t i c e  spacing can be determined t o  an  accuracy 

of t h e  o rde r  of t 0.0002 A, which i n  t u r n  a l lows  t h e  c a l c u l a t i o n  of 

t h e  r e s i d u a l  s t r e s s e s  t o  + 14 MPa. Thus t h e  x-ray technique has  l e s s  



accuracy than the sectioning method. Further, additional errors due 

to instrument misalignment and uncertainty in the elastic constants 

can bring the total error to + 34.5 MPa which is about 12% in mild 

steels. The x-ray technique is designed for the measurement of 

macrostresses, but microresidual stresses (due to inhomogeneities 

in the microstructure) can also be detected by x-rays and these 

can interfere with the accuracy of the data. Thus, in some 

materials, including plastically deformed steel, interpretation 

of the results may be difficult. 

However, it is completely non-destructive and determines the 

total elastic stress present in the sample for a given location and 

direction independent of the sample geometry without relaxing the 

stress being measured. Another advantage of this technique is that 

the area over which the stress is averaged can be varied by limiting 

the size of the x-ray beam. Using a small beam size (typically of 

the order of 2 x 2 mm), localized stresses adjacent to welds or 

fasteners can be measured. 

2.3.3. Blind-Hole-Drilling Method 

It is possible to determine residual stresses by drilling a hole 

in a specimen and measuring the resulting change of strain in the 

vicinity of the hole. 14-17 This method, also known as hole- 

relaxation or hole-drilling method, is the least destructive of the 

mechanical methods. A hole of only a few millimeters in diameter and 



depth  may s u f f i c e  f o r  t h e  s t r e s s  measurement. Since t h i s  amount of 

d e s t r u c t i o n  can sometimes be t o l e r a t e d ,  t h e  method i s  semides t ruc t ive  

i n  na tu re .  It i s  a  ve ry  simple and economical method and can be used 

t o  measure s t r e s s e s  over  a very  smal l  a r e a  i n  a very  s h o r t  per iod  of 

t ime. 

I n  a c t u a l  p r a c t i c e ,  a s t r a i n  gauge r o s e t t e  which is  commercially 

a v a i l a b l e  i s  bonded t o  t h e  specimen wi th  t h e  c e n t e r  of t h e  r o s e t t e  

co inc id ing  wi th  t h e  po in t  where s t r e s s e s  a r e  t o  be measured. A ho le  

i s  then  d r i l l e d  a t  t h e  c e n t e r  of t h e  r o s e t t e .  From t h e  s t r a i n  read- 

i n g s  taken be fo re  and a f t e r  t h e  d r i l l i n g  of t h e  ho le ,  t h e  p r i n c i p a l  

s t r e s s e s  i n  t h e  p l a t e  be fo re  t h e  ho le  was d r i l l e d  i s  computed. 

Both u n i a x i a l  and b i a x i a l  s t r e s s e s  can be measured wi th  t h i s  tech- 

nique.18 The p r i n c i p l e  of t h i s  technique i s  based on t h e  work of 

~ i r s c h ' '  on t h e  s t r e s s  d i s t r i b u t i o n  around a  c i r c u l a r  ho le  i n  a  

p l a t e  subjec ted  t o  u n i d i r e c t i o n a l  t ens ion .  By supe rpos i t i on ,  t h e  

same p r i n c i p l e  can be extended t o  b i a x i a l  s t r e s s  f i e l d s .  
15-17 

The re laxed  s t r a i n s  measured by t h e  gauges on t h e  s u r f a c e  of t h e  

s t r u c t u r e  a r e  dependent on t h e  depth  of ho le  u n t i l  t h i s  exceeds a  

dimension where s t r a i n  changes do no t  a f f e c t  t h e  su r f ace .  It has  

been ve ry  c l e a r l y  shown 17918'21922 t h a t  f u l l  r e l a x a t i o n  is obta ined  

a t  t h e  s u r f a c e  f o r  a  depth  equal  t o  t h e  ho le  diameter .  Thus, i n  

p r a c t i c e ,  where t h e  components of i n t e r e s t  a r e  u s u a l l y  t h i c k  compared 

w i t h  t h e  ho le  d iameter ,  b l i n d  ho le s  a r e  formed; hence t h e  name b l ind-  

h o l e - d r i l l i n g .  

It is  impera t ive  t h a t  t h e  method employed t o  form t h e  ho le  should 

n o t  i n t roduce  any s t r e s s e s .  The r o t a t i n g  c u t t e r s  o r  end m i l l s  commonly 



employed t o  d r i l l  t h e  ho le  can in t roduce  apprec i ab le  s t r e s s e s .  21-23 

An a l t e r n a t e  technique of ho le  formation,  v i z . ,  a i r b r a ~ i v e ~ ~  o r  abra-  

s i v e  jet21 machining seems t o  be ve ry  e f f e c t i v e  and t h e  machining 

s t r a i n s  measured a r e  w e l l  w i t h i n  t h e  accuracy of t h e  s t r a i n  record ing  

equipment. However, no t  on ly  is t h e  equipment used i n  t h i s  method 

very  expensive b u t  t h e  method i t s e l f  is more t ime consuming t o  d r i l l  

a h o l e  of  g iven  s i z e  and i n  p a r t  t o  handle t h e  a n c i l l a r y  equipment. 23,24 

Fur the r ,  d r i l l i n g  t h e  ho le  i n  a stress system in t roduces  a 

l o c a l i z e d  d i s c o n t i n u i t y  o r  stress r a i s e r .  For i n s t a n c e ,  a s  shown 

i n  F igure  1, i n  a u n i a x i a l  s t r e s s  f i e l d ,  t h e  s t r e s s e s  ( S o )  at  r i g h t  

ang le s  t o  t h e  d i r e c t i o n  of t h e  app l i ed  stress, reach  3 t imes t h e  

v a l u e  of  t h e  y i e l d  stress, near  t h e  edge of t h e  hole .  I n  t h e  d i r e c -  

t i o n  of app l i ed  s t r e s s ,  t h e  s t r e s s  (S ) must always r e l a x  t o  zero  a t  r 

t h e  edge of t h e  hole .  I n  a n  equal  b i a x i a l  f i e l d ,  t h e  s t r e s s e s  reach  

twice t h e  va lue  of y i e l d  s t r e s s .  Thus, i f  t h e  s t r e s s  t o  be measured 

exceeds 1 / 3  y i e l d  stress f o r  t h e  m a t e r i a l  i n  t h e  u n i a x i a l  case ,  and 

112 y i e l d  stress i n  t h e  equal  b i a x i a l  ca se ,  t h e r e  w i l l  be  some 

p l a s t i c i t y  a t  t h e  edge of t h e  hole .  Th i s  w i l l  a f f e c t  t h e  Poisson 

r a t i o ,  l o c a l l y ,  and e r r o r s  w i l l  be  in t roduced .  

However, i f  an  a c c u r a t e  assessment of t h e  machining e r r o r s  and 

e r r o r s  due t o  l o c a l  y i e l d i n g  i s  made, b l ind -ho le -d r i l l i ng  technique 

can be employed i n  i t s  c u r r e n t  form t o  a c c u r a t e l y  measure s t r e s s e s  

c l o s e  t o  t h e  y i e l d  stress f o r  t h e  m a t e r i a l .  
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2.4. Residual Stresses in Butt Welds 

The theoretical study of the development of residual stresses 

when two plates are butt welded dates back to the 1930's and today 

there exists an excellent correlation between the theory and experi- 

mental results. 25-29 It is well known that weld shrinkage in butt 

weldments results in large tensile longitudinal residual stresses 

adjacent to the welds, balanced by compression elsewhere in the 

section (Figure 2). Typically, the longitudinal residual stresses 

close to the weld approach yield point of the base metal, and the 

stress distribution is symmetrical across the weld center line. 
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Figure 2. A schematic plot of longitudinal residual stress vs. distance 

from the weld center line. S is the yield stress of the 
Y 

base material. 



CHAPTER 3 

EXPERIMENTAL 

3.1. Material Selection 

In this investigation, mill plates of ASTM designation A-36 

constructional steel were used. The chemical composition of the as- 

received steel is given in Table 1. All the plates used to make the 

butt weldments were first annealed to completely relieve the as- 

received residual stresses. The annealing treatment consisted of 

heating the plates for one hour at 870°C in an inert atmosphere, 

furnace cooling to 540°C and then air cooling to the room temperature. 

The tensile properties of the as-received and the annealed A-36 steel 

are also shown in Table I. Two SAE 1018 steel plates were also given 

the previous annealing treatment. 

3.2. Weldment Preparation 

In order to verify and confirm the pattern of longitudinal 

residual stress distribution in a butt welded sample, the annealed 

SAE 1018 steel plates, each 305 x 102 x 6.4 mm, were butt welded using 

3.2 mm E-7024 electrode. No weld joint preparation was made. 

The annealed A-36 steel plates were butt welded using 4 mm 

E-6013 electrodes. The weld joint preparation is shown in Figure 3. 

Double-vee bevels were used to minimize the distortion and to ensure 



Table I. 

CHEMICAL COMPOSITION (IN WT. PCT.) AND MECHANICAL PROPERTIES 
OF A-36 MILD STEEL 

Chemical Composition 

Mechanical Properties 

7 

Yield Strength (MPa) 
Tensile Strength (MPa) 
Elongation % 

As Received 

309 
470 

28.0 

Fully Annealed 

280 
4 31 

38.0 



Figure 3. Schematic of weld-joint preparation. 



uniform through thickness stress distribution in the weldment. 3 0 

Distortion was further reduced by clamping the plates by the edge. 

The clamping was such that the lateral motion of the plates was 

unhindered during welding which would result in low values of trans- 

verse stresses. A total of six butt welds were made of which three 

were 914 x 406 x 12.7 mm and the other three were 305 x 508 x 12.7 mm 

in size. 

In order to study the vibratory stress relief of a heavy struc- 

ture without using the vibration table, the following tension weldment 

was prepared (Figure 4). An annealed A-36 mild steel plate 762 x 457 

x 19 mm was first welded along weld 1 to a strongback with about 

12.5 mrn clearance between the two. The plate was then heated to 

about 143OC and while still hot, was welded along weld 2 to the 

strongback. The plate, on cooling, contracts and develops uniform, 

yield point magnitude tensile stresses sufficiently removed from the 

welded ends. 

3.3. Vibration Table Analysis 

The vibratory treatments were carried out using a vibration table 

(Figure 5). The table top was 1830 x 1219 x 25.4 mm aluminum alloy 

plate, braced rigidly by several steel I beams. It was mounted on 

four inflatable rubber pads which helped to isolate the table from 

the ground during vibrating. The vibrations were produced by a bottom 

center bolted DC motor containing eccentric weights mounted on each 

end of its shaft. 







Grid l i n e s  254 rnm a p a r t  c r i s s c r o s s e d  t h e  s u r f a c e  of t h e  t a b l e .  

The motor was energized t o  s e l e c t e d  f r equenc ie s  up t o  40 Hz, and a t  

each frequency t h e  ampli tude of v i b r a t i o n  and t h e  phase d i f f e r e n c e  of 

t h e  ampli tudes were measured a t  t h e  i n t e r s e c t i n g  p o i n t s  of g r i d  l i n e s .  

A schematic of t h e  se tup  used t o  monitor t h e  v i b r a t i o n s  i s  shown 

i n  F igure  6 .  Two s e n s i t i v e  p i e z o e l e c t r i c  t r ansduce r s ,  one f ixed  and 

t h e  o t h e r  movable, were used t o  monitor t h e  ampli tudes and phase 

d i f f e r e n c e s .  F i l t e r s  were used t o  o b t a i n  a  c l e a r  s i n u s o i d a l  s i g n a l  

f r e e  from higher  harmonics and i n t e r f e r i n g  waves from t h e  boundaries  

of t h e  t a b l e .  

3.4 .  VSR Treatment of Welded Specimens 

The weldments were subjec ted  t o  v i b r a t o r y  s t r e s s  r e l i e f  t r e a t -  

ment by b o l t i n g  r i g i d l y  t o  t h e  v i b r a t i o n  t a b l e .  A good mechanical 

con tac t  was necessary  t o  e f f i c i e n t l y  t r a n s f e r  v i b r a t i o n s  from t h e  

t a b l e  t o  t h e  weldment. The d u r a t i o n  of t h e  v i b r a t o r y  t reatment  was 

a f i x e d  t i m e  of 20 minutes ,  and t h e  resonant  frequency was maintained 

manually. 

The e f f e c t  of weldment l o c a t i o n  on t h e  v i b r a t i o n  t a b l e  was 

s tud ied  us ing  t h e  t h r e e  305 x 508 x 12.7 mm weldments. O f  t h e  t h r e e  

weldments, one was v i b r a t e d  by clamping t o  t h e  c e n t e r  of t h e  t a b l e  

and t h e  o t h e r  two a t  two co rne r s  of t h e  t a b l e .  The frequency of 

v i b r a t i o n  i n  a l l  t h e  t h r e e  c a s e s  was 40 Hz. 

Add i t iona l ly ,  t h e  e f f e c t  of frequency of v i b r a t i o n  t rea tment  

was s tud ied  us ing  t h e  t h r e e  914 x 406 x 12.7 mrn weldments. One 



Figure 6. Schematic of the setup used for the vibrational analysis 

of table top. 
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weldment was vibrated at 40 Hz, the second at 30 Hz and the third was 

not vibrated and was used as a control. 

The 400 kg weldment shown in Figure 4 was vibrated by clamping 

the vibrator directly to it. The frequency of vibration was 37 Hz, 

a fundamental vibrational frequency of the assembly. The weldment 

and the vibrator assembly were placed on heavy duty rubber pads to 

isolate the workpiece. The duration of treatment was 20 minutes. 

3.5. Residual Stress Measurement 

Residual stresses in weldments were determined by sectioning, 

x-ray, and blind-hole-drilling techniques. 

3.5.1. Sectioning 

This technique of residual stress measurement was used in all 

the weldments. The surface of the SAE 1018 butt welded specimen was 

cleaned and a total of seven resistance strain gauges (type EA-06- 

125 AD-120 supplied by Micro Measurements Co.) were then bonded to 

the sample as shown in Figure 7. The initial readings from the strain 

gauges were zeroed using a Vishay Portable Strain Indicator. Next, 

two slices, each 32 mm wide, were cut from the welded plates, along 

the dotted line as shown in Figure 7. The sectioning was done on a 

Micromech wet cut-off saw. Strain readings were once again taken 

after the sectioning. 

In the 914 x 406 x 12.7 nun weldments, strain gauges (CEA-06-125 

VT-120) were bonded on a 127 m square area in the middle of each 



Figure 7. Schematic of strain gauge layout in a SAE 1018 butt welded 

specimen used to verify the pattern of longitudinal residual 

stress distribution. Sectioning was done along the dotted lines. 



weldment (Figure 8). This square region was then sectioned off using 

a saw mill operating at a slow speed. Care was taken not to heat the 

area by directing a jet of coolant at the cutting edge of the saw 

blade. Strain, as well as resistance, measurements were made from 

these strain gauges before and after sectioning. A Vishay 1011 port- 

able strain indicator together with a Vishay 1012 portable switch and 

balance unit were used for strain measurements. Resistances from the 

strain gauges were measured using a standard potentiometer. 

In the 305 x 508 x 12.7 mm samples used for the blind-hole- 

drilling experiments, sectioning technique was employed as a check 

for the residual stresses measured after vibration. In these samples 

a strip 25.4 mm wide was cut across the weld. 

Further measurements of residual stresses, using an x-ray method, 

were made in the 127 mm square pieces obtained from the sectioning 

technique. The sin2$ technique13 employed for residual stress meas- 

urement used six $ angles at equal values of sin2$ from + = 0 to $ = 

45 degrees. 

3.5.3. Blind-Hole-Drilling 

Residual stresses in the 305 x 508 x 12.7 mm weldments were 

determined by the blind-hole-drilling technique. Strain gauge ros- 

ettes (type EA-06-125 RE-120 supplied by Micro Measurements Co.) were 

bonded at predetermined locations on either side of the weld. Before 





v i b r a t i n g  each  weldment, ho le s  approximately 3 mm i n  diameter  and 

depth were d r i l l e d  a t  t h e  c e n t e r  of r o s e t t e s  mounted on one s i d e  of 

t h e  weld t o  determine t h e  r e s i d u a l  s t r e s s e s  i n  t h e  as-welded condi- 

t i o n .  The weldments were then  i n d i v i d u a l l y  v i b r a t e d  a t  40 Hz f o r  20 

minutes  by clamping them a t  s e v e r a l  l o c a t i o n s  on t h e  v i b r a t i o n  

t a b l e .  Holes were aga in  d r i l l e d  i n  t h e  r o s e t t e s  on t h e  o t h e r  s i d e  

of t h e  weld t o  o b t a i n  t h e  r e s i d u a l  stress d i s t r i b u t i o n  a f t e r  v ibra-  

t i o n .  A P h o t o l a s t i c  model RS-200 m i l l i n g  guide  was used t o  a l i g n  

t h e  d r i l l  b i t  e x a c t l y  a t  t h e  c e n t e r  of t h e  r o s e t t e  and a l s o  t o  r i g i d l y  

guide  t h e  d r i l l  b i t  t o  produce c o n s i s t e n t l y  s t r a i g h t ,  t r u e ,  and c l e a n  

holes .  

The b l ind -ho le -d r i l l i ng  technique was a l s o  employed t o  determine 

t h e  e f f e c t  of v i b r a t o r y  t rea tment  on t h e  r e s i d u a l  s t r e s s e s  i n  t h e  

t ens ion  p l a t e  of F igure  4. Residual  s t r e s s e s  be fo re  v i b r a t i o n  were 

determined us ing  t h e  s t r a i n  gauge r o s e t t e s  a t  A, B and C.  Af t e r  t h e  

v i b r a t o r y  t rea tment  t h e  r e s i d u a l  s t r e s s e s  were aga in  measured us ing  

r o s e t t e s  A ' ,  B'  and C ' .  

3 . 6 .  Elec t ron  Microscopy 

I n  o rde r  t o  d e t e c t  t h e  evidence of p l a s t i c  deformation,  1 mm 

t h i c k  coupons were sec t ioned  o f f  from t h e  1 9  mm A-36 t ens ion  p l a t e .  

These coupons were c u t  from a r e a s  1 3  mm around t h e  r o s e t t e s .  They 

were then  ground on a b r a s i v e  wheels t o  a  t h i ckness  of 0.25 mm. 

Fur the r  th inning  t o  about  75 microns was done by e l e c t r o l y t i c  po l i sh-  

i ng .  Disks  of about 3 mm i n  diameter  were punched ou t  c a r e f u l l y  f o r  



jet po l i sh ing .  Both t h e  e l e c t r o l y t i c  and t h e  j e t  po l i sh ing  were done 

a t  about  5'C i n  a s o l u t i o n  of 135 c c  of g l a c i a l  a c e t i c  a c i d ,  25 g  of 

chromium t r i o x i d e  and 7  c c  of d i s t i l l e d  water .  The samples were 

s tud ied  i n  a  H i t a c h i  HU-11B3 e l e c t r o n  microscope a t  a n  ope ra t ing  

v o l t a g e  of 125 kV. 

3.7. Mechanical Tes t ing  

T e n s i l e  and f a t i g u e  experiments were c a r r i e d  out  us ing  t h e  

samples machined out  of t h e  t h r e e  914 x 406 x 12.7 mm weldments. A 

10,000 kg I n s t r o n  Lawrence dynamic test system was used f o r  a l l  t e s t -  

ing .  The samples were sec t ioned  o f f  of r eg ions  12.7 mm from e i t h e r  

s i d e  of t he  weld c e n t e r  l i n e .  A t o t a l  of 4  t e n s i l e  and 16  f a t i g u e  

samples from each of t h e  t h r e e  weldments were t e s t e d .  

3.7.1. T e n s i l e  Tes t ing  

T e n s i l e  b a r s  of 6.35 mm diameter  were machined according t o  t h e  

ASTM s p e c i f i c a t i o n  A370-77. Tes t ing  was c a r r i e d  out  a t  a  crosshead 

spead of 1 mmlminute. S t r a i n  was measured w i t h  a  s t r a i n  gauge 

extensometer.  

3.7.2. Fa t igue  Tes t ing  

Constant ampli tude a x i a l  f a t i g u e  t e s t s  were conducted us ing  

5.08 mm diameter  f a t i g u e  samples s a t i s f y i n g  t h e  ASTM s p e c i f i c a t i o n  

E466-76 (F igure  9 ) .  The s u r f a c e  of a l l  t h e  samples w a s  f i n e l y  

pol i shed  us ing  a  600 g r i t  emery c l o t h .  The t e s t s  were performed i n  



Figure 9. Geometry of constant amplitude axial fatigue test specimen. 



air at room temperature at a frequency of 30 Hz and with an R ratio 

of 0.1. Samples that did not fail after lo7 cycles were reused again 

at higher stress levels. This method of testing is known as the 

staircase fatigue testing. 



RESULTS AND DISCUSSION 

4.1. Vibra t ion  Analys is  

The v i b r a t i o n  t a b l e  was v i b r a t e d ,  w i th  t h e  v i b r a t o r  clamped a t  

t h r e e  d i f f e r e n t  l o c a t i o n s  on t h e  t a b l e ,  v i z . ,  t h e  edge, t h e  corner  

and t h e  c e n t e r  of t h e  t a b l e .  A t  each  p o s i t i o n ,  t h e  t a b l e  was 

v i b r a t e d  a t  1 0  Hz, 20 Hz, 30 Hz and a t  t h e  resonant  frequency of 40 

Hz. Beyond 40 Hz, t h e  motion of t h e  t a b l e  was extremely complex. A t  

each frequency a  p l o t  of isoampli tude l i n e s  t oge the r  wi th  t h e i r  phase 

d i f f e r e n c e  a s  measured on t h e  t a b l e  was prepared.  These p l o t s  were 

h e l p f u l  i n  c h a r a c t e r i z i n g  t h e  motion of t h e  t a b l e .  F igures  10,  11 

and 1 2  show t h e  schematics  f o r  v a r i o u s  p o s i t i o n s  and f r equenc ie s  of 

t h e  v i b r a t o r .  I n  a l l  t h e s e  f i g u r e s  t h e  phase d i f f e r e n c e  between t h e  

s o l i d  and t h e  dashed l i n e  i s  180'. 

F i r s t ,  t h e  v i b r a t o r  was clamped t o  a  s i d e  of t h e  t a b l e  a s  shown 

i n  F igure  10a. A t  10  Hz, t h e  motion of t h e  t a b l e  was an o s c i l l a t o r y  

type ,  a s  though hinged a long  a  nodal  l i n e  roughly a  t h i r d  of t h e  

t a b l e  l eng th  away, F igure  lob .  The nodal l i n e  moved away a s  t h e  

frequency of t h e  v i b r a t o r  w a s  increased .  A t  a  frequency of 30 Hz i t  

was approximately two-thirds  of t h e  t a b l e  l e n g t h  away (Figure  10c ) .  

Beyond 30 Hz, t h e r e  was excess ive  n o i s e  coupled w i t h  v i o l e n t  motion 

of t h e  t a b l e ,  which d id  n o t  permit  making measurements. 



Figure 10. Schematics showing , (a) the position of vibrator on the table, 

(b) iso-amplitude lines at 10 Hz, and (c) iso-amplitude lines 

at 30 Hz. The numbers are amplitudes of vibration in millimeters. 



Figure 11. Iso-amplitude lines at (bl 10 Hz, (cl  20 Hz, and (dl 30 Hz, 

when [a) the vibrator is clamped to a corner of the table. 



Figure 12. Motions of the table when vibrator was clamped to the center of 

the table and vibrated at (a) 10 Hz, (b) 30 Hz, and (c) 40 Hz. 



The t a b l e  showed similar o s c i l l a t o r y  types  of motion when t h e  

v i b r a t o r  was clamped t o  a  corner  (F igure  l l a ) .  The nodal  l i n e  moved 

away from t h e  corner  t o  which t h e  motor was clamped, F igu res  l l b  and 

l l c ,  as t h e  frequency was inc reased .  However, a t  30 Hz, t h e  motion 

was complex and contained two nodal l i n e s ,  one c l o s e  t o  t h e  motor, 

t h e  o t h e r  c l o s e r  t o  t h e  oppos i t e  corner  (F igure  l l d ) .  Once aga in ,  

i n c r e a s i n g  t h e  frequency beyond 30 Hz r e s u l t e d  i n  exces s ive  v i b r a t i o n  

ampli tude of t h e  t a b l e  and hence, no measurements could be taken.  

The motion of t h e  t a b l e ,  when t h e  motor was clamped a t  t h e  

c e n t e r ,  was q u i t e  i n t e r e s t i n g .  A s  shown i n  F igure  12a,  a t  1 0  Hz, t h e  

e n t i r e  t a b l e  moved up and down about  i t s  unvibra ted  p o s i t i o n ,  w i t h  a  

cons t an t  peak-to-peak ampli tude.  A t  20 and 30 Hz, t h e  motions of t h e  

t a b l e  were i d e n t i c a l ,  a  rocking type  about  t h e  d iagonal .  F igure  12b 

shows such a  type  of motion, when t h e  t a b l e  was v i b r a t e d  a t  30 Hz. 

It was p o s s i b l e ,  now, w i t h  t h e  motor a t  t h e  c e n t e r ,  t o  i n c r e a s e  t h e  

frequency t o  40 Hz. The f a c t  t h a t  t h i s  w a s  a fundamental resonant  

f requency of t h e  t a b l e  was confirmed by a l a r g e  i n c r e a s e  i n  t h e  acce l -  

e r a t i o n .  F igu re  12c shows a  f l e x i n g ,  buckl ing type of motion of t h e  

t a b l e  a t  40 Hz. With t h e  except ion  of t h i s  p a r t i c u l a r  ca se ,  t h e  

motion of t h e  t a b l e  was a r i g i d  body motion, where t h e  whole t a b l e  

v i b r a t e d  a s  a  body. On t h e  o t h e r  hand, t h e  f l e x i b l e  body motion shown 

i n  F igure  12c produced waves of tension-compression necessary  t o  

a f f e c t  a change i n  t h e  s t a t e  of r e s i d u a l  s t r e s s .  A r i g i d  body motion, 

from t h e  p o i n t  of view of s t r e s s  r e l i e v i n g  by a c t u a l  p l a s t i c  deforma- 

t i o n ,  seems u s e l e s s .  1ndeed i n  s e c t i o n  4.2.3., t h e  e f f e c t i v e n e s s  of 



f l e x u r a l  motion upon s t r e s s  r e l i e v i n g  has  been c l e a r l y  demonstrated. 

Also, r e c e n t l y  one of t h e  manufacturers  of t h e  commercial v i b r a t o r y  

s t r e s s  r e l i e f  equipment has  advised t h e  u s e  of a  "motion sens ing  

t ransducer"  which r e p o r t s  on ly  t h e  f l e x u r a l  motion i n  a  workpiece. 

4 . 2 .  Residual  S t r e s s  Analys is  

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

by t h e  b l ind -ho le -d r i l l i ng  method is given  i n  Reference 41. The 

measured v a l u e s  of re laxed  s t r a i n s  from t h e  t h r e e  gauges i n  t h e  

r o s e t t e  (F igure  13) and t h e  diameter  of t h e  d r i l l e d  ho le  a r e  used t o  

c a l c u l a t e  t h e  p r i n c i p a l  s t r e s s e s  u s ing  t h e  fo l lowing  equat ions :  

S1 ' € 3  + €1 + 
€ 3  - €1 

4A 4B c o s  26 

S 2  = €3 + €1 - €3 - €1 
4A 4B cos  26 

t a n  2f3 = €3 + €1 - €2  
€3 - €1 



Figure 13. Strain gauge rosette arrangement and the blind-hole 

geometry for determining residual stresses. 



wliere : 

S l ,  52 = pr inc ipg l  s t r e s s e s  

€1, €2,  € 3  = relaxed s t r a i n s  from gauges 1, 2 and 3 

B = angle  between S1 and gauge 3 

v = Poisson's  r a t i o  

E = Young's modulus 

Ro = r ad ius  of t h e  d r i l l e d  hole  

R = r a d i u s  of t h e  gauge c i r c l e .  

Once the  maximum and t h e  minimum p r i n c i p a l  s t r e s s e s  and B a r e  known, 

the  long i tud ina l ,  SL, t ransverse ,  ST, and t h e  shear  s t r e s s ,  SLT, a t  

the  su r face  of t h e  weldment can be ca lcula ted  using the  equations:  

t a n  28 = 
'LT 

S~ - 

where 9 i s  t h e  p o s i t i v e  angle  measured counterclockwise from the  

d i r e c t i o n  of S  t o  t h a t  of Smin. The angle  9 can be determined using L 

t h e  va lue  B. Since a  l a r g e  amount of da ta  was gathered from experiments, 

the  PR1i.X computer was u t i l i z e d  t o  perform the  ca lcu la t ions .  

I n  t h e  sec t ioning technique, long i tud ina l  s t r e s s e s  were ca lcu la ted  

d i r e c t l y  from t h e  e l a s t i c  s t r a i n s  re l ieved due t o  the  a c t i o n  of c u t t i n g .  



S t r e s s e s  were a l s o  c a l c u l a t e d  from t h e  s t r a i n s  obta ined  by measuring 

t h e  r e s i s t a n c e  change. S t r a i n ,  then,  was c a l c u l a t e d  us ing  t h e  

equat ion ,  

6 = 
AR 

(R) x (G.F.) 

where : 

AR = change i n  r e s i s t a n c e  due t o  s ec t ion ing  

R = r e s i s t a n c e  of unloaded s t r a i n  gauge 

G.F. = gauge f a c t o r  of t h e  s t r a i n  gauge. 

4.2.1. V e r i f i c a t i o n  of Longi tudina l  Residual  S t r e s s  P a t t e r n  

Developed i n  a  But t  Weldment 

The l o n g i t u d i n a l  r e s i d u a l  s t r e s s e s  r e l i e v e d  by sec t ion ing  t h e  

1018 mild s t e e l  weldment were c a l c u l a t e d  us ing  t h e  r e l a t i o n ,  

where : 

a is  t h e  l o n g i t u d i n a l  r e s i d u a l  s t r e s s  

E i s  t h e  s t r a i n  recorded a f t e r  s ec t ion ing  

E is  t h e  Young's modulus. 

F igure  14 shows t h e  d i s t r i b u t i o n  of l o n g i t u d i n a l  r e s i d u a l  

s t r e s s  a t  s e v e r a l  d i s t a n c e s  from t h e  weld c e n t e r  l i n e .  Due t o  t h e  

symmetrical n a t u r e  of t h e  d i s t r i b u t i o n ,  only ha l f  t h e  curve on one 

s i d e  of t h e  weld i s  shown. The s t r e s s  d i s t r i b u t i o n  c l o s e l y  resembles 



DISTANCE FROM WELD CENTER LINE (INCH) 
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Figure 14. Longitudinal residual stress distribution in a SAE 1018 butt weldment. 

Note the similarity of the stress distribution to that in figure 2. 



t h e  gene ra l  p a t t e r n  of F igure  2. Also, i t  can  be seen  t h a t  t h e  mag- 

n i t u d e  of peak s t r e s s e s  approaches t h e  y i e l d  po in t .  

4.2.2. The E f f e c t  of  Resonant Vibra tory  Treatment on t h e  

Longi tudina l  Residual  S t r e s s  D i s t r i b u t i o n  

The measured r e l axed  s t r a i n s  and t h e  c a l c u l a t e d  l o n g i t u d i n a l  

r e s i d u a l  s t r e s s e s  f o r  t h e  t h r e e  305 x 508 x 12.7 mm weldments clamped 

a t  d i f f e r e n t  l o c a t i o n s  on t h e  v i b r a t i o n  t a b l e ,  be fo re  and a f t e r  t h e  

v i b r a t o r y  t rea tment  a t  40 Hz, are given i n  Tables  I1 and 111, respec t -  

i v e l y .  These s t r a i n s  were determined by t h e  b l ind -ho le -d r i l l i ng  

method. The average l o n g i t u d i n a l  s t r e s s  d i s t r i b u t i o n  from t h e  t h r e e  

weldments, as a  func t ion  of t h e  d i s t a n c e  from weld c e n t e r  l i n e ,  i s  

shown g r a p h i c a l l y  i n  F igure  15. The l i m i t a t i o n s  of t h e  blind-hole- 

d r i l l i n g  technique  when measuring s t r e s s e s  of t h e  y i e l d  po in t  magni- 

tude  nea r  a  weld a r e  c l e a r l y  ev ident  from t h i s  f i g u r e .  I f  t h e  l o c a l  

y i e l d i n g  e f f e c t  due t o  t h e  s t r e s s  concen t r a t ion  i n  t h e  v i c i n i t y  of 

t h e  ho le  is  ignored,  t h e  measured s t r e s s e s  can  be g r e a t l y  o v e r e s t i -  

mated. 42 Measured s t r e s s e s ,  i n  t h e  base  p l a t e  c l o s e  t o  t h e  weld, 

exceeded t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  i n d i c a t i n g  g ros s  overes t imat ion .  

Longi tudina l  r e s i d u a l  s t r e s s e s  a f t e r  v i b r a t i o n  were a l s o  measured by 

t h e  s e c t i o n i n g  technique and are g iven  i n  Table I V .  A comparison of 

t h e  l o n g i t u d i n a l  s t r e s s e s  from Tables  111 and I V  a l s o  c l e a r l y  i n d i c a t e s  

t h e  exaggerated s t r e s s e s  obtained by t h e  b l ind -ho le -d r i l l i ng  tech- 

nique when c o r r e c t i o n s  f o r  l o c a l  p l a s t i c i t y  e f f e c t s  a r e  no t  made. 







Table 11. 
(cont .) 

BLIND-HOLE-DRILLING STRESS ANAI.YSIS OF AS WELDED, UNVIBRATED WELDMENTS 
(WITHOUT CORRECTION FACTORS) 

I I ( c )  Weldment 83 



T a b l e  111. 

BLIND-IlO1,IC-DRIL1,JNG S T R E S S  ANA1,YSIS OF THE VIBRATED WELDMENTS 
(WITIIOUT CORRECTION FACTORS) 

111 (a) Weldment I1 C e n t e r  
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Figure 15. Longitudinal residual stress distributions as determined 

by the uncorrected hole-drilling method. 



Table I V .  

LONGITUDINAL RESIDUAL STRESSES IN THE VIBRATED SAMPLES 
AS DETERMINED BY THE SECTIONING TECHNIQUE 

I v b )  Weldment # I  Center 

4 Young's Modulus = 19.3 x 10 MPa 

Gauge Factor = 2.065 7 (2.8 x 10 p s i )  

Distance from 
Weld Center 

Line 
m 

( inch)  

15 
(0.60) 

22 
(0.85) 

32 
(1.25) 

68 
(1.90) 

74 
(2.90) 

114 
(4.50) 

Resistance (Ohms) 
Change in  
Resistance 

(Ohms) 

-0.3075 

-0.2925 

-0.2550 

-0.0125 

+0.1325 

+0.0750 

Before Cutt ing 

119.9925 

120.3200 

120.1325 

120.3650 

120.0800 

119.9875 

Longitudinal 
S t r e s s  
UPa 

( k s i )  

240 
( 34.75) 

- 
228 

( 33.05) 

199 
( 28.81) 

10 
( 1.41) 

-103 
(-14.97) 

- 58 
(- 8.47) 

3 

After  Cutt ing 

119.6850 

120.0275 

119.8775 

120.3525 

120.2125 

120.0625 



Table IV. 
(cont . ) 

LONGITUDINAL RESIDUAL STRESSES IN THE VIBRATED SAMPLES 
AS DETERMINED BY THE SECTIONING TECHNIQUE 

IV(b)  Weldment 1/2 Edge 

Distance from 
Weld Center 

Line 
11111 

(inch) 

Resistance (Ohms) I 
Change in 
Resistance 

Before Cutting After Cutting (Ohms) 

Longitudinal 
Stress 

MPa 
(ksi) 

Young's Modulus = 19.3 x 10' MPa 

Gatrge Factor = 2.065 7 (2.8 x 10 psi) 





Also, e r r o r s  due t o  machining s t r e s s e s  caused by t h e  d r i l l i n g  of 

t h e  ho le  u s ing  end m i l l s  have been r epor t ed  by o t h e r  i n v e s t i g a t o r s .  21-23 

Th i s  machining s t r e s s ,  coupled w i t h  e r r o r s  due t o  l o c a l  y i e l d i n g ,  

could v a s t l y  change t h e  measured stresses. 

Thus, a d d i t i o n a l  experiments were conducted t o  e s t ima te  t h e  

e f f e c t  of bo th  t h e  machining s t r e s s e s  and t h e  l o c a l  y i e l d i n g  due t o  

s t r e s s  concent ra t ion .  The d e t a i l s  of t h e  experiments and t h e  cor-  

r e c t i o n s  employed a r e  given i n  t h e  Appendix. Cor rec t ions  were made 

f o r  a l l  t h e  re laxed  s t r a i n s  obta ined  by t h e  b l ind -ho le -d r i l l i ng  

method and t h e  co r r ec t ed  v a l u e s  a r e  shown i n  Tables  V and V I .  F igure  

16  shows a  good agreement between t h e  co r r ec t ed  va lues  from bl ind-  

h o l e - d r i l l i n g  method and t h e  v a l u e s  from t h e  s e c t i o n i n g  technique 

f o r  weldments v i b r a t e d  a t  t h e  resonant  f requency of 40  Hz. S imi l a r  

agreement a l s o  i n  t h e  case  of as-welded weldments i s  shown i n  s e c t i o n  

4 . 2 . 4 .  Blind-hole-dr i l l ing  technique can thus  be s u c c e s s f u l l y  

employed t o  measure y i e l d  po in t  magnitude s t r e s s e s ,  such a s  t hose  

nea r  welds,  when s u i t a b l e  c o r r e c t i o n s  f o r  t h e  machining and t h e  l o c a l  

y i e l d i n g  e r r o r s  a r e  made. F igure  17  i s  a  composite of r e s i d u a l  

s t r e s s  d i s t r i b u t i o n s  be fo re  and a f t e r  t h e  v i b r a t o r y  t r ea tmen t ,  where 

t h e  stresses a r e  t h e  average v a l u e s  from t h e  t h r e e  weldments. Seve ra l  

p o i n t s  a r e  ev ident  from t h i s  f i g u r e .  F i r s t ,  t h e  peak s t r e s s  was 

reduced from about  359 MPa t o  about 276 MPa, a  drop of about 30%.  

Simi l a r  r educ t ions  i n  peak s t r e s s e s  were obta ined  by Zubchenko, e t  a l . ,  

i n  two s e p a r a t e  i n v e s t i g a t i o n s ;  3 9 9 4 3  by Grudz, et i n  mild s t e e l ,  





T a b l e  V .  
( c o n t  .) 

BLIND-HO1.E-DRILLING S'rRESS ANA1,YSIS OF AS WEI.DED, llNVIBRATED WELDMKNTS 
(WIT11 CORRICCTTON FACTORS) 

V(b)  Weldment # 2  





Table  VZ. 

BLIND-HOLE-DRII,LINC: S T R E S S  ANAIdYSIS O F  THE VIBRATED WELDMENTS 
(WI'I'H CORRECTION FACTORS) 

W e l d m e n t  b l  Center 



T a h l e  Vl .  
( c o n t . )  

BLIND-HOLE-DRIl,l,INC, STRESS ANALYSTS OF THE VIBRATED WELDMENTS 
(WITH CORRECTION FACTORS) 

Weldment 112 Edge 

Re l axed  S t r a i n ,  u s t r a i n  

C e n t e r  L i n e  

- 

2 0 

2 1  

22 

23  

24 

2 1 
(0.83) 

32 
(1.26) 

4 8 
(1.90) 

7 4 
(2.90) 

114  
(4 .50)  

- 73 

- 96  

73  

- 97 

- 49 

-232 

-111 

-129 

8 8  

26 

-100 

- 5 6  

- 89  

-112 

107 

217 
(31.48) 

7 2 
(10.43) 

6 5  
( 9.44)  

1 0 1  
(14 .71)  

- 4 3  
(-6.24) 

128  
(18 .59)  

189  
(27.42) 

- 57 
(-8.22) 

- 81 
(-11.75) 

8 5  
(12 .34)  

207 
(30.05) 

184  
(26 .70)  

- 50  
(-7.21) 

- 82  
(-11 - 8 6 )  

- 40  
(-5.78) 

1 3 8  
(20.02) 

7 7 
(11.15) 

5 8 
( 8 .43 )  

102  
(14.82) 

82  
(11 .88)  



Table V I .  
( c o n t  .) 

BLIND-HOIdE-DRIl.l.INC STRESS A X A L Y S T S  OF TllE VIBRATED WELDMENTS 
(WIT11 CORRECTION FACTORS) 

Weldment 1 3  C o r n e r  
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Figure 16. Residual stress distribution in a weldment vibrated at 40 Hz. 

The stresses determined by the corrected hole-drilling technique 

agree well with those obtained from the sectioning method. 



DISTANCE FROM WELD CENTER L lNE (INCH) 

Figure 17. The redistribution of longitudinal residual stresses as a 

result of the resonant vibratory treatment at 40 Hz. 

Stress analysis done by the corrected hole-drilling method. 
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aluminum and t i t an ium a l l o y  weldments; and by Weiss, e t  a l . ,  40 i n  a 

p l a i n  carbon s t e e l  weldment. 

Second, t h e  r e s i d u a l  s t r e s s e s  were n o t  completely e l imina ted  by 

t h e  v i b r a t o r y  t rea tment ,  a l though s e v e r a l  Russian a u t h o r s  have 

no t i ced  up t o  90% r educ t ion  i n  r e s i d u a l  s t r e s s e s .  4 4  On t h e  o the r  

hand, t h e r e  seemed t o  be  a  r e d i s t r i b u t i o n  of r e s i d u a l  s t r e s s e s  a c r o s s  

t h e  weld. A similar stress r e d i s t r i b u t i o n  has  been no t i ced  by o t h e r  

i n v e s t i g a t o r s .  38,39 

Thus, resonant  v i b r a t o r y  t rea tment  when app l i ed  t o  mild s t e e l  

weldments r e s u l t e d  i n  a d e f i n i t e  r e d i s t r i b u t i o n  of l o n g i t u d i n a l  

s t r e s s e s ,  and r educ t ion  i n  t h e  peak r e s i d u a l  s t r e s s e s  very  c l o s e  t o  

t h e  weld. The a c t u a l  mechanism by which t h e  s t r e s s  r educ t ion  occurred 

w i l l  be d i scussed  i n  s e c t i o n  4 . 3 .  

4 . 2 . 3 .  Ef fec t iveness  of t h e  Vibra tory  Treatment on t h e  Locat ion 

of Weldments 

An examination of t h e  l o n g i t u d i n a l  r e s i d u a l  s t r e s s  va lues  from 

Table V I  shows t h a t  due t o  t h e  resonant  v i b r a t o r y  t r ea tmen t ,  a l l  t h e  

t h r e e  weldments have achieved about t h e  same r e s i d u a l  s t r e s s  d i s t r i -  

bu t ion ,  r e g a r d l e s s  of t h e i r  p o s i t i o n  on t h e  t a b l e  dur ing  v i b r a t i o n .  

The cons ide rab le  bending moments and torques  no t i ced  on t h e  t a b l e  a t  

resonant  frequency seem t o  a c t  a long  a  pass ing  wave r a t h e r  than  a  

s t a t i o n a r y  wave. Th i s  would n a t u r a l l y  expose any l o c a t i o n  on t h e  

t a b l e  t o  t h e  same amount of bending moment and t h u s  make a l l  t h e  

l o c a t i o n s  on t h e  v i b r a t i o n  t a b l e  equa l ly  e f f e c t i v e  for t h e  t rea tment .  



The e f f e c t i v e n e s s  of  t h e  t rea tment ,  w i t h i n  t h e  l e n g t h  of each 

weldment, too ,  seems uniform. I n  a 305 mm long weld, t h e  longi tud-  

i n a l  stresses would remain cons t an t  i n  a r eg ion  a t  t h e  c e n t e r  and 

begin t o  decrease  toward t h e  ends. Conserva t ive ly ,  t h e  middle 150  nun 

long p o r t i o n  of t h e  weld can be  assumed t o  have uniform s t r e s s e s ,  

w i t h  s t r e s s e s  decreas ing  i n  75 mm r eg ions  on e i t h e r  end. I n  t h e  

r e s i d u a l  stress measurement, ho le s  were randomly d r i l l e d  i n  a 100 mm 

long r eg ion  a t  t h e  c e n t e r  of each weldment. For example, i n  one 

weldment h o l e s  c l o s e s t  t o  t h e  weld were d r i l l e d  i n  t h e  middle of 

t h e  weldment, whi le  i n  t h e  o t h e r  two, t h e  h o l e s  were d r i l l e d  50 mm 

on e i t h e r  s i d e  of t h e  c e n t e r  of t h e  weld. S i m i l a r l y ,  o t h e r  ho le s  

were d r i l l e d  on a random b a s i s .  Despi te  t h e  randomness i n  t h e  loca- 

t i o n  of t h e  ho le s ,  t h e r e  was uni formi ty  of s t r e s s  r e d i s t r i b u t i o n  i n  

a l l  t h r e e  weldments, a t  l e a s t  i n  t h e  c e n t r a l  100 mm reg ion .  

4.2.4. The E f f e c t  of Frequency of V ib ra t ion  on t h e  Longi tudina l  

Res idua l  S t r e s s  D i s t r i b u t i o n  

The t h r e e  914 x 406 x 12.7 mm b u t t  weldments were used i n  t h e  

s tudy  of t h e  r o l e  of frequency of v i b r a t i o n  on t h e  r e s i d u a l  s t r e s s  

d i s t r i b u t i o n  i n  t h e  weldments. One weldment was g iven  t h e  s tandard  

resonance t rea tment  a t  40 Hz; t h e  second, a sub-resonance t reatemnt 

a t  30  Hz; and t h e  t h i r d  was no t  v i b r a t e d  and was used a s  a c o n t r o l .  

I t  was decided t o  monitor t h e  s t r e s s e s  i n  t h e  weldments u s ing  x-ray 

and s e c t i o n i n g  techniques  of stress measurement. For t h e  purpose of 

x-ray s t u d i e s ,  i t  was necessary  t o  c u t  ou t  a 127 mm square  p i e c e  from 



t h e  middle of each weldment. S t r e s s e s  r e l i e v e d  due t o  t h i s  s ec t ion -  

i ng  were monitored and a r e  given i n  Table V I I  f o r  t h e  t h r e e  weldments 

s tud ied .  It was assumed t h a t  s ec t ion ing  t h e  127 mm square  p i e c e s  

would not  s i g n i f i c a n t l y  r e l i e v e  t h e  s t r e s s e s  and t h a t  most of t h e  

r e s i d u a l  s t r e s s e s  would be s t i l l  locked up i n  t hose  p i eces .  However, 

a s  seen  i n  Table V I I ,  and from t h e  r e s i d u a l  s t r e s s  d i s t r i b u t i o n s  

p l o t t e d  i n  F igure  18 ,  i t  appeared t h a t  s e c t i o n i n g  has  r e l i e v e d  t h e  

m a j o r i t y  of t h e  locked-in s t r e s s e s  and t h a t  i n s i g n i f i c a n t  amounts of 

s t r e s s  would be l e f t  i n  t h e  127 mm square  p i eces .  Even though t h e  

x-ray a n a l y s i s  showed s t r e s s e s  of t h e  o rde r  of 7 t o  55 MPa i n  some 

l o c a t i o n s ,  t h e s e  s t r e s s  v a l u e s  were no t  added onto  those  obta ined  

from t h e  s e c t i o n i n g  method because of t h e  i n h e r e n t l y  low accuracy of 

stress measurement (about 35 MPa) by t h i s  method due t o  t h e  l a r g e  

g r a i n  s i z e  involved i n  t h e  samples. Fu r the r ,  t h e  s t r e s s  r ead ings  

were s o  randomly d i s t r i b u t e d  wi thout  any t rend  of t h e  c l a s s i c  s t r e s s  

d i s t r i b u t i o n  of F igure  2,  i t  was assumed t h a t  s ec t ion ing  had prac- 

t i c a l l y  r e l i e v e d  a l l  t h e  r e s i d u a l  s t r e s s e s .  

Refer r ing  t o  F igure  18 ,  once aga in  t h e r e  was s u b s t a n t i a l  reduc- 

t i o n  i n  peak s t r e s s e s  (from about  380 MPa t o  about  250 MPa) due t o  

t h e  resonance t rea tment  a t  40 Hz, coupled w i t h  s t r e s s  r e d i s t r i b u t i o n  

s i m i l a r  i n  n a t u r e  t o  t h a t  shown i n  F igure  17. For t h e  305 x 508 x 

12.7  mrn weldments, though. t h e r e  w a s  a gene ra l  s t r e s s  r educ t ion  due 

t o  t h e  sub-resonance t rea tment  a t  30 Hz, v i b r a t i n g  a t  resonant  

frequency appa ren t ly  was more e f f e c t i v e  than  t h a t  a t  a sub-resonant 

frequency. 



Table VII. 

RESIDUAL STRESS ANALYSIS BY THE SECTIONING TECHNIQUE 
(GAUGE FACTOR = 2.04 FOR ALL THE STRAIN GAUGES) 

(a) As welded, control weldment 

Gauge 
No. 

1 

2 

3 

4 

5 

6 

Distance 
from Weld 

Center line 
lm 

(inch) 

13 
(0.50) 

2 5 
(1.00) 

4 7 
(1.85) 

4 8 
(1.90) 

48 
(1.90) 

4 8 
(1.90) 

Resistance (ohm) 

Longitudinal Residual 
Stress HPa 

h i )  

Change 

-0.3650 

-0.2425 

-0.0175 

-0.0025 

--- 

--- 

From 
Resistance 

288 
(41.75) 

191 
(27.74) 

14 
( 2.00) 

2 
( 0.29) 

--- 

Strain (microstrain) 

After 
Cutting 

119.9200 

120.0025 

120.3450 

120.3025 

Gauge 
came 
off 

Gauge 
came 
off 

From 
Strain 

284 
(41.16) 

189 
(27.36) 

11 
( 1.60) 

2 
( 0.31) 

--- 

After 
Cutting 

3530 

4023 

4943 

4989 

Gauge 
came 
off 

Gauge 
came 
off 

Before 
Cutting 

120.2850 

120.2450 

120.3625 

120.3050 

120.2475 

- 
120.1825 

Before 
Cutting 

5000 

5000 

5000 

5000 

5000 

5000 

Change 

-1470 

- 977 

- 57 

- 11 

--- 

--- 



Table VII. 
( c o n t . )  

RESIDUAL STRESS ANALYSIS BY THE SECTIONING TECHNIQUE 
(GAUGE FACTOR = 2.04 FOR ALL THE STRAIN GAUGES) 

(b) Weldment vibrated at 30 Hz 

Gauge 
No. 

1 

2 

3 

4 

5 

6 

Distance 
from Weld 

Center line 
pn 

(inch) 

13 
(0.50) 

30 
(1.20) 

47 
(1.85) 

4 8 
(1.90) 

4 7 
(1.85) 

4 8 
(1.90) 

Strain (microstrain) 

Change 

-1392 

- 915 

- 136 

- 90 

- 142 

- 65 

After 
Cutting 

3608 

4085 

4864 

49 10 

4852 

4935 

Resistance (ohm) 

Before 
Cutting 

5000 

5000 

5000 

5000 

5000 

5000 

Longitudinal Residual 
Stress MPa 

(ksi) 

After 
Cutting 

120.0200 

120.0650 

120.1225 

120.2025 

120.0900 

120.2800 

From 
Resistance 

266 
(38.60) 

183 
(26.59) 

2 8 
( 4.00) 

16 
( 2.29) 

26 
( 3.72) 

12 
( 1.72) 

From 
Strain 

269 
(38.98) 

177 
(25.62) 

2 6 
( 3.81) 

17 
( 2.52) 

27 
( 3.98) 

12 
( 1.82) 

Before 
Cutting 

120.3575 

120.2975 

120.1575 

120.2225 

120.1225 

120.2950 

Change 

-0.3375 

-0.2325 

-0.0350 

-0.0200 

-0.0325 

-0.0150 





DISTANCE FROM WELD CENTER L lNE (INCH) 

DISTANCE FROM WELD CENTER L lNE (MM) 

Figure 18. The effect of frequency of vibration on the longitudinal 

residual stress distribution. Stress analysis done by 

the sectioning technique. 



A s  shown i n  F igure  19 ,  i n  t h e  case  of an  as-welded unvibra ted  

weldment, t h e  agreement between t h e  co r r ec t ed  h o l e - d r i l l i n g  s t r e s s  

v a l u e s  obta ined  from t h e  t h r e e  305 x 508 x 12.7 mm weldments and from 

t h e  914 x 406 x 12.7 mm c o n t r o l  weldment was e x c e l l e n t .  Once aga in ,  

t h i s  proved t h a t  t h e  co r r ec t ed  h o l e - d r i l l i n g  technique w a s  comparable 

i n  accuracy t o  t h a t  of t h e  sec t ion ing  method. F igu re  20 shows t h e  

r e s i d u a l  s t r e s s  d i s t r i b u t i o n  f o r  t h e  f o u r  weldments v i b r a t e d  a t  40 Hz, 

i n d i c a t i n g  d e f i n i t e  o v e r a l l  stress r e d i s t r i b u t i o n  due t o  t h e  v i b r a t o r y  

t rea tment ,  whether t h e  s t r e s s  was measured by t h e  sec t ion ing  o r  by 

t h e  b l ind -ho le -d r i l l i ng  technique.  

4.2.5. E f f e c t  on Macros t resses  

It has  been shown i n  a number of i n ~ e s t i ~ a t i o n s ~ ~ - ~ O  t h a t  a c t u a l  

s t r e s s  r educ t ion  occurs  dur ing  v i b r a t i o n a l  t r ea tmen t s  only i n  t hose  

l o c a t i o n s  where t h e  combined r e s i d u a l  v i b r a t o r y  s t r e s s e s  exceeded 

t h e  y i e l d  p o i n t  of t h e  m a t e r i a l .  Usual ly t h e s e  l o c a t i o n s  were where 

h igh  stress concen t r a t ion  occurs ,  l i k e  t h e  r eg ion  ad jacen t  t o  a weld. 

However, i f  t h e  e n t i r e  p a r t  being v i b r a t e d  had a uniform s t r e s s  l e v e l ,  

a l e v e l  c l o s e  t o  t h e  y i e l d  p o i n t  of  t h e  m a t e r i a l ,  w i l l  t h e  v i b r a t o r y  

t rea tment  reduce t h e  stress l e v e l ?  I n  o rde r  t o  test t h e  a c t i o n  of 

v i b r a t o r y  t rea tment  on h igh ,  uniform macros t resses ,  t h e  t ens ion  weld- 

ment shown i n  F igure  4 was v i b r a t e d  a t  i t s  resonance. Table V I I I  shows 

t h e  stress v a l u e s  obta ined  a t  t h r e e  l o c a t i o n s  by t h e  co r r ec t ed  h o l e  

d r i l l i n g  method. It can be seen t h a t  t h e  p l a t e  developed a n  average 

r e s i d u a l  t e n s i l e  s t r e s s  of about  234 MPa i n  a d i r e c t i o n  p a r a l l e l  t o  
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Figure 19. Residual stress distribution in the unvibrated weldments 

showing excellent agreement between sectioning 

and corrected hole-drilling techniques. 
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Figure 20. Residual stress distribution in the weldments 

vibrated at 40 Hz. 
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Table V I I I .  

RESIDUAL STRESSES I N  THE TENSION WELDMENT AS DETERMINED 
FROH THE CORRECTED HOLE-DRILLING TECHNIQUE 

(a )  Before Vibrat ion 

(b) Af te r  Vibrat ion 

Longi tudinal  
S t r e s s ,  SL 

MPa 
( k s i )  

2 35 
(34.04) 

240 
(34.78) 

229 
(33.25) 

Roset te  

A 

B 

C 

Transverse 
S t r e s s ,  

MPa S~ 

( k s i )  

6 
(0.85) 

39 
(5.64) 

29 
(4.17) 

P r i n c i p a l  S t r e s s  MPa 
(ksi) 

s1 

12 
( 1.80) 

48 
( 6.95) 

39 
( 5.60) 

Relaxed S t r a i n ,  m i c r o s t r a i n  

S2 

228 
(33.09) 

2 31 
(33.47) 

219 
(31.82) 

3 
C 

-80 

-6 7 

-55 

1 

- 84 

-123 

- 63  

2 

-283 

-263 

-293 



its length. The stresses measured using a mechanical extensometer 

also were approximately the same. There was virtually no transverse 

stress developed in the plate. On vibrating at a resonant frequency 

of 37 Hz for 20 minutes, the average residual tensile stress dropped 

to about 179 MPa. 

4.3. Microstructural Analysis 

Although it has been often proposed by a number of investiga- 

tors 37-40 that peak residual stresses are reduced when combined 

residual and vibratory stresses exceed the yield point of the mater- 

ial, there are no direct observations of the evidence of the attendant 

plastic deformation. This is surprising, considering the interest in 

the industrial usage of vibratory stress relief techniques. To date, 

only Prohaszka, et a1. ,45 explained their observed stress relief due 

to vibration by the dislocation theory. However, even they have not 

reported direct microscopic examination of the dislocation behavior 

they proposed. 

In this investigation transmission electron microscopic analysis 

was done to observe the dislocation nature in both annealed and in 

vibrated samples. Due to the complex nature of microstructure next 

to a weld, the observation and interpretation of dislocation struc- 

tures were extremely difficult. However, due to the observed reduc- 

tion of the stresses in the A-36 tension plate weldment, samples for 

microscopic examination were obtained from the tension plate. Since 

the plate was in an annealed condition, before introducing tensile 



stresses, any change in dislocation substructure could be directly 

compared with that from an annealed A-36 mild steel sample for quali- 

tative assessment. Quantitative dislocation density measurements were 

not made. 

Figure 21 shows the microstructure of annealed A-36 samples. At 

low magnifications (Figures 21a and 21b) very few dislocations can be 

seen within ferrite grains. A high magnification micrograph (Figure 

21c) shows a region where dislocations exist in close proximity to 

one another; they are all relatively straight, showing the absence of 

long range internal stresses. 

Figure 22 shows the typical dislocation structure observed in 

samples that were vibrationally treated. Figure 22a is a low magni- 

fication micrograph showing extensive dislocation network within a 

ferrite grain. At higher magnifications (Figures 22b,c,d) various 

dislocation interactions can be seen. The obvious increase in dislo- 

cation density is definite proof of the plastic deformation that 

accompanied the stress reduction by vibratory treatments. 

In the absence of quantitative dislocation density measurement 

studies, attempts were made to estimate the percentage of plastic 

deformation by comparing the microstructure of vibrated samples to 

that from tensile samples loaded to 3.2, 6.8 and 23.7% plastic 

strain. The comparison indicated an approximate plastic strain of 

4 to 5%. 

Thus, for the first time, direct evidence of plastic deformation 

as a result of stress reduction by vibration was found by transmission 

electron microscopy studies. 
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Figure 21. Transmission electron micrographs of the annealed

A-36 mild steel samples.
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Figure 22. Transmission electron micrographs of samples obtained from

the resonance vibration treated A-36 mild steel plate.



4.4. E f f e c t  on Mechanical P r o p e r t i e s  

One of t h e  main concerns of t h e  usage of v i b r a t o r y  techniques of 

s t r e s s  r e l i e f  is p o t e n t i a l  f a t i g u e  damage. 37 1n  most i n s t a n c e s ,  

f a t i g u e  f a i l u r e  i s  due t o  already-present  c r acks  which open up upon 

3 2  v i b r a t i n g .  I n  a c t u a l  p r a c t i c e ,  t h e r e  a r e  very  few r e p o r t s  of damage 

of v i b r a t e d  p a r t s  due t o  f a t i g u e  f a i l u r e .  

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

i n  t h e  case of welds t h a t  showed pronounced stress r e d i s t r i b u t i o n ,  

f a t i g u e  t e s t s  were conducted us ing  samples obta ined  from t h e  t h r e e  

914 x 406 x 12.7 mm weldments. F igu res  23, 24 and 25 shown t h e  S-N 

curves  f o r  t h e  samples from c o n t r o l  weldment, weldment v i b r a t e d  a t  

30 Hz and a t  40 Hz r e s p e c t i v e l y .  Tens i l e  t e s t i n g  was a l s o  performed 

on t h e s e  weldments and t h e  summary of r e s u l t s  i s  shown i n  Table 9. 

The f a t i g u e  l i m i t  d id  no t  change a s  a  r e s u l t  of e i t h e r  t h e  sub- 

resonance o r  t h e  resonance t rea tment .  The t e n s i l e  s t r e s s  remained 

t h e  same. However, t h e r e  was a  s l i g h t  i n c r e a s e  i n  t h e  y i e l d  s t r e n g t h  

of about 38 MPa a s  a  r e s u l t  of t h e  resonance t rea tment .  This  r e s u l t  

is  c o n s i s t e n t  w i t h  t h e  observa t ion  of p l a s t i c  deformation,  which 

could l ead  t o  work hardening and hence, a n  i n c r e a s e  i n  y i e l d  s t r e n g t h .  











CHAPTER 5 

CONCLUSIONS 

The fol lowing conclus ions  were drawn from t h i s  i n v e s t i g a t i o n :  

1. Vibra tory  s t r e s s  r e l i e f  t rea tment  performed a t  t h e  resonant  

frequency e f f e c t i v e l y  r e d i s t r i b u t e d  t h e  r e s i d u a l  s t r e s s e s  i n  A-36 b u t t  

weldment s. 

2 .  The sub-resonance t rea tment  appa ren t ly  was l e s s  e f f e c t i v e  

than  t h e  t rea tment  a t  t h e  resonant  frequency. 

3. When a  v i b r a t i o n  t a b l e  i s  used t o  t r e a t  smal le r  samples, t h e  

e f f e c t i v e n e s s  of t h e  t rea tment  was t h e  same i r r e s p e c t i v e  of t h e  l o c a t i o n  

of t h e  sample. 

4. A s  a  r e s u l t  of t h e  t rea tments ,  a  r educ t ion  of about  30% was 

no t i ced  i n  peak l o n g i t u d i n a l  r e s i d u a l  s t r e s s e s  i n  A-36 b u t t  weldments. 

5. Unlike some of t h e  thermal t r ea tmen t s ,  r e s i d u a l  s t r e s s e s  d id  

n o t  van i sh  a s  a  r e s u l t  of t h e  v i b r a t o r y  t reatment .  

6. Transmission e l e c t r o n  microscopy s t u d i e s  i n d i c a t e d  t h a t  t h e  

mechanism by which peak-s t ress  r educ t ion  occurs  is  one of p l a s t i c  

deformation. 

7 .  There was no f a t i g u e  damage a s  a  r e s u l t  of t h e  v i b r a t o r y  

t rea tment .  

8. The t e n s i l e  p r o p e r t i e s  of t h e  weldment d i d  no t  change a s  a  

r e s u l t  of t h e  t rea tment .  



9. Hole-dr i l l ing  techniques  can be e f f e c t i v e l y  used t o  measure 

y i e l d  p o i n t  l e v e l  stresses by tak ing  i n t o  account t h e  machining s t r a i n s  

and the s t r a i n s  due t o  l o c a l  y i e l d i n g  a s  a r e s u l t  of s t r e s s  concentra- 

t ion .  

10. The accuracy of t h e  co r r ec t ed  h o l e - d r i l l i n g  technique 

approached t h a t  of a  s ec t ion ing  method. 
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APPENDIX 



CORRECTIONS FOR BLIND-HOLE-DRILLING ANALYSIS 

Since t h e  h o l e - d r i l l i n g  technique of r e s i d u a l  stress measurement 

w a s  employed t o  monitor t h e  stress d i s t r i b u t i o n  nea r  a weld, where t h e  

s t r e s s e s  ( e s p e c i a l l y  l o n g i t u d i n a l  r e s i d u a l  s t r e s s e s )  r each  y i e l d  po in t  

magnitude, an  experimental  program was c a r r i e d  ou t  t o  eva lua t e  t h e  

e x t e n t  of l o c a l  y i e l d i n g  around t h e  hole .  The t e s t  procedure was a l s o  

used t o  measure machining s t r a i n s ,  i f  any, developed dur ing  t h e  d r i l l -  

i ng  of t h e  hole .  The c o r r e c t i o n  f a c t o r s  determined from t h i s  experi-  

ment were used t o  modify t h e  h o l e - d r i l l i n g  r e s u l t s  shown i n  t h e  main 

t e x t .  

T h e o r e t i c a l  Analys is  

The t h e o r e t i c a l  background f o r  t h e  h o l e - d r i l l i n g  a n a l y s i s  stems 

from t h e  work of Kirsch.  l9 H i s  s o l u t i o n  f o r  t h e  s t r e s s  d i s t r i b u t i o n  

around a  c i r c u l a r  through ho le  i n  a t h i n ,  wide, l i n e a r  e l a s t i c  and 

i s o t r o p i c  p l a t e  is  used,  s i n c e  a  t h e o r e t i c a l  s o l u t i o n  f o r  t h e  s t r a i n  

a t  any p o i n t  on t h e  s u r f a c e  f o r  a b l ind  ho le  i s  no t  known. For a  

p l a t e  subjec ted  t o  u n i a x i a l  t ens ion ,  S, Ki rsch ' s  s o l u t i o n  may be 

w r i t t e n  as: 



where : 

Sr, Se, Sre a r e  t h e  r a d i a l ,  t a n g e n t i a l  and s h e a r - s t r e s s  compon- 

e n t s  of S ,  and is  t h e  nondimensional ho le  diameter  def ined  by 2R0 
R 

( s e e  F igure  Al) . 
The s t r a i n  d i s t r i b u t i o n  around t h e  ho le  a f t e r  d r i l l i n g  i s  given 

by 

1 
Er = (Sr - vSe) 

1 
Ee = (So - vSr) 

wh i l e  t h e  s t r a i n  d i s t r i b u t i o n  be fo re  d r i l l i n g  may be w r i t t e n  a s  

0 S  
E = - (cos2e - v s i n 2 e )  r E 

0 S  
E = - ( s in2o  - v cos2e)  e E 

S t r a i n  gauges may be used t o  d e t e c t  t h e  change i n  s t r a i n  r e s u l t -  

i n g  from d r i l l i n g  t h e  hole .  This  change, de f ined  a s  " r e l a x a t i o n  s t r a i n , "  

w i l l  be denoted by E~~ and i n  t h e  r a d i a l  and t a n g e n t i a l  d i r e c t i o n s ,  

r e s p e c t i v e l y .  It should be noted t h a t  E and E a r e  t h e  n e t  re laxa-  R r  R 8 

t i o n  s t r a i n s  due t o  t h e  stress (appl ied  and/or  r e s i d u a l ) .  Relaxa t ion  

s t r a i n s  a r e  def ined  as 



Figure A l .  Strain gauge rosette arrangement and the blind-hole 

geometry for determining residual stresses. 



S u b s t i t u t i o n s  of  equat ions  ( I ) ,  (2)  and (3) i n t o  equat ion  (4) 

y i e l d s  

where K and K are nondimensional q u a n t i t i e s  c a l l e d  r e l a x a t i o n  c o e f f i -  r 0 

c i e n t s  and g iven  by 

The equat ions  used i n  t h e  main t e x t  f o r  r e s i d u a l  stress measurement 

can be der ived  us ing  equat ions  (1) through (4) .  

Examining equat ion  (5), i t  can be seen t h a t  f o r  a given s t r e s s ,  

t h e  v a l u e  of t h e  r e l axed  s t r a i n  is  d i r e c t l y  r e l a t e d  t o  t h e  r e l a x a t i o n  

c o e f f i c i e n t .  I n  a  given experiment,  a  maximum va lue  of re laxed  s t r a i n  

would minimize e r r o r s  and hence, t h e  p o i n t s  of measurement (X,0) of 

maximum r e l a x a t i o n  c o e f f i e n c t  a r e  recommended. A s tudy  of equat ion  

(6) shows t h a t 4 2  a l though a  t a n g e n t i a l  gauge a t  El = 90' e x h i b i t s  t h e  

maximum v a l u e  of r e l a x a t i o n  c o e f f i c i e n t ,  i t s  use  i s  n o t  advised 

because t h e  gauge has  t o  l i e  ve ry  c l o s e  t o  t h e  edge of t h e  hole .  The 

c l o s e r  t h e  gauge i s  t o  t h e  hole ,  t h e  l a r g e r  t h e  e r r o r s  being caused 

by machining s t r e s s e s .  Th i s  i s  t h e  primary reason  why r a d i a l  gauges 

a r e  used i n  commercial s t r a i n  gauges r o s e t t e s .  



P r a c t i c a l  Cons idera t ions  

For a  given s t r a i n  gauge-hole assembly and m a t e r i a l ,  it has  been 

shown from equa t ion  ( 6 )  t h a t  t h e  r e l a x a t i o n  c o e f f i c i e n t  i s  f i x e d  and 

from equat ion  (5), i t  can be  seen  t h a t  t h e  stress i s  d i r e c t l y  propor- 

t i o n a l  t o  t h e  r e l a x a t i o n  s t r a i n .  However, t h e  measured s t r a i n  re laxa-  

t i o n  i s  due n o t  on ly  t o  t h e  app l i ed  stress bu t  i t  a l s o  inc ludes  ( a )  

r e l a x a t i o n  s t r a i n  due t o  d r i l l i n g  ope ra t ion ,  E and (b)  r e l a x a t i o n  
m ' 

s t r a i n  due t o  l o c a l i z e d  p l a s t i c  flow, E 
P ' 

The r e l a x a t i o n  s t r a i n  component ern r e s u l t s  from machining r e s i d -  

u a l  stresses. Such s t r e s s e s  depend on t h e  d r i l l i n g  cond i t i ons  and 

a r e  h igh ly  l o c a l i z e d  i n  t h e  immediate v i c i n i t y  of t h e  hole .  23 For 

s t e e l ,  E has  been found t o  be about  -40 UE. 
21-23 

rn 

The r e l a x a t i o n  s t r a i n  component E i s  produced only  i f  t h e  s t r e s s  
P  

f i e l d  around t h e  ho le  i s  d i s tu rbed  by l o c a l i z e d  p l a s t i c  flow. A s  

shown i n  F igure  A2, i n  u n i a x i a l  loading ,  t h e  s t r e s s  concen t r a t ion  

f a c t o r  a t  e = 90' i s  3 whi l e  f o r  8 = 0, i t  is -1. A s  t h e  nominal 

s t r e s s  exceeds 1 / 3  of t h e  y i e l d  s t r e n g t h ,  p l a s t i c  f low w i l l  s t a r t  a t  

t h e  hole  edge a t  8 = 90° and t h e  Ki r sch ' s  e l a s t i c  s o l u t i o n  is  no 

longe r  v a l i d .  

However, i t  i s  always p o s s i b l e  t o  determine t h e  d e v i a t i o n  of 

t h e  e l a s t i c  e s t i m a t e  from t h e  t r u e  v a l u e  of s t r e s s .  I f  t h e  e r r o r  i s  

accep tab le ,  t h e  e l a s t i c  s o l u t i o n  may be  p r a c t i c a l l y  used f o r  d e t e r -  

mining s t r e s s e s  beyond 1 / 3  of t h e  y i e l d  s t r e n g t h .  
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It can  be seen t h a t  E w i l l  always i n c r e a s e  t h e  a b s o l u t e  va lue  of 
P 

t h e  n e t  r e l a x a t i o n  s t r a i n ,  r e g a r d l e s s  of its s ign .  Thus, i f  t h e  

r e l a x a t i o n  s t r a i n  E is neglec ted ,  t h e  measured stress, being t e n s i l e  
P 

o r  compressive, w i l l  always be overest imated.  The presence  of E 
P ' 

being neglec ted ,  w i l l  l e ad  t o  u n r e a l i s t i c  and misleading r e s u l t s .  

Th i s  may be i l l u s t r a t e d  w i t h  t h e  a i d  of F igu re  A3. Assume t h a t  a  

uniform stress S > 113 S is measured by d r i l l i n g  a h o l e  and record- 
aPP Y 

i ng  a t o t a l  r e l a x a t i o n  s t r a i n  z. I f  ac is considered e n t i r e l y  due t o  

t h e  e x i s t i n g  stress, d i r e c t  s u b s t i t u t i o n  i n  equat ion  (5) g i v e s  a  

h igher  stress S = E/Kr = E/Kr , where l i n e  cb'  i s  drawn 
aPP - 

p a r a l l e l  t o  e l a s t i c  l i n e .  However, i f  E = bc is  r e a l i z e d ,  then  t h e  
P 

t r u e  stress w i l l  be S = E / K  ab and t h e  e r r o r  i n  e s t ima t ing  S 
aPP r aPP -- 

w i l l  be  equal  t o  bc/ab,  i . e . ,  S imi l a r  a n a l y s i s  can be done 

f o r  a  compressive s t r e s s .  Correc t ion  f o r  E i s  r equ i r ed  f o r  s t r e s s e s  
P 

t h a t  a r e  i n  excess  of 113 S o r  of a  l i m i t  t o  be determined from 
Y 

experiments.  

To determine t h e  v a l u e s  of r e l a x a t i o n  components E and E two m P ' 
6.35 mm t h i c k  annealed A-36 mild s t e e l  samples were used. 

Specimen dimensions and s t r a i n  gauge l ayou t  a r e  shown i n  F igu re  A 4 .  

A s t r a i n  gauge r o s e t t e  ( type  EA-06-125RE-120) was bonded a t  t h e  c e n t e r  

of t h e  gauge l eng th .  The elements  of  t h i s  r o s e t t e  a r e  shown as 1, 2 

and 3 i n  t h e  f i g u r e .  Four c o n t r o l  gauges a, b, c and d ( type  EA-06- 

125AD-120) were a l s o  bonded, t o  measure t h e  magnitude of t h e  uniform 
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Figure A4. Schematic of the strain gauge layout on the test specimen. 



s t r e s s  f i e l d .  The sample was gr ipped by loading  p i n s ,  t o  e l i m i n a t e  t h e  

bending s t r e s s e s .  Accurate d r i l l i n g  was done us ing  a P h o t o l a s t i c  model 

RS-200 m i l l i n g  guide. 

Tes t ing  cons i s t ed  p r i m a r i l y  of i nc reas ing  t h e  ho le  s i z e  by d r i l l -  

i n g  and, a t  each increment,  loading  t h e  specimen through a  number of 

app l i ed  stress l e v e l s  and record ing  t h e  a s s o c i a t e d  s t r a i n  gauge read- 

i n g  s. 

I n  t h e  f i r s t  experiment conducted t o  eva lua t e  t h e  machining 

e f f e c t ,  t h e  ho le  s i z e  was increased  from 0.8 mm t o  4.4 mm. A t  each 

hole  s i z e ,  t h e  sample was loaded a  s t r e s s  va lue  equal  t o  0.3 t imes t h e  

y i e l d  s t r eng th .  I n  t h e  second experiment,  t h e  second sample was 

loaded up t o  0.7 t imes t h e  y i e l d  s t r e n g t h  va lue .  The a c t u a l  diameter  

of t h e  d r i l l e d  h o l e  was a c c u r a t e l y  measured wi th  a  microscope 

i n s e r t e d  i n t o  t h e  t o o l  guide. 

Discussion 

Machining E f f e c t  

The r e s u l t s  of t h e  f i r s t  s e t  of experiments a r e  given i n  Tables  A- I  

and A- I1  and Figures  A5 and A6. The r e l a x a t i o n  s t r a i n  due t o  machining, 

E was determined by e x t r a p o l a t i n g  t h e  l i n e a r  s t r a i n - s t r e s s  r e l a t i o n s  m ' 
t o  ze ro  s t r e s s  l e v e l  and measuring t h e  i n t e r c e p t s .  F igures  A7 and A8 

determined from F igu res  A5 and A6, r e s p e c t i v e l y ,  show t h e  v a r i a t i o n  of 

E w i t h  t h e  d r i l l i n g  c l ea rance ,  Cd. The d r i l l i n g  c l ea rance  i s  t h e  
m 

d i s t a n c e  between t h e  ho le  edge, where maximum machining s t r e s s e s  e x i s t ,  

and t h e  near  end of t h e  gauge ma t r ix .  
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Figure A5. Plot of average strain vs. applied stress for the parallel gauge. 

9, to $6* are diameters of the holes drilled. 
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A s  mentioned before ,  t h e  h ighly  l o c a l i z e d  n a t u r e  of machining 

s t r e s s e s  i s  evident .  I n  a  s i t u a t i o n  where preformed s t r a i n  gauge 

r o s e t t e s  cannot be used, p r e c i s e  l o c a t i o n s  of t h e  s t r a i n  gauges near  

t h e  ho le  a r e  demanded. Hole d iameter  l a r g e r  t han  t h e  suggested 118 

inch  (3.175 mm) diameter ,  introduced abnormally h igh  machining s t r e s s e s  

and hence, i n  t h e  second set of experiments t h e  maximum ho le  s i z e  was 

l i m i t e d  t o  t h e  suggested v a l u e  of 3.175 mm. For t h i s  

ho le  s i z e ,  t h e  machining s t r a i n s  were -40 V E  and -30 us f o r  gauges 

1 and 3 r e s p e c t i v e l y .  S l i g h t l y  lower v a l u e s  of E~ f o r  gauge 3 could 

be due t o  t h e  t r a n s v e r s e  s e n s i t i v i t y  of t h e  gauge. These v a l u e s  of E 
m 

f o r  s t e e l  ag ree  w e l l  w i th  t h e  v a l u e s  obtained by o t h e r s .  21-23 Also, 

machining s t r e s s e s  seem t o  be independent of t h e  s t r e s s  t o  be meas- 

ured ,  s i n c e  E~ ha s  t h e  same s i g n  r e g a r d l e s s  of t h e  s i g n  of t o t a l  

r e l a x a t i o n  s t r a i n .  

Local ized P l a s t i c  Flow E f f e c t  

The r e s u l t s  of t h e  second s e t  of experiments a r e  given i n  Tables  

A - I 1 1  and A-IV,  and a r e  p l o t t e d  i n  F igures  A9 and A10. An examination 

of t h e  r e s u l t s  of F igures  A9 and A10 sugges t s  t h e  fol lowing:  

1. A s  t h e  stress exceeds a  c e r t a i n  va lue ,  t h e  s t r a i n - s t r e s s  

r e l a t i o n s  g e n e r a l l y  d e v i a t e  from l i n e a r i t y  causing t h e  a b s o l u t e  v a l u e  

of r e l a x a t i o n  s t r a i n  t o  i nc rease .  Th i s  c r i t i c a l  stress is dependent 

on t h e  ho le  s i z e  and t h e  s t r a i n  gauge l o c a t i o n ,  o r  more convenient ly ,  

Cd. 
The locus  of t h e  c r i t i c a l  stress t h a t  can be measured wi thout  

e r r o r  due t o  l o c a l i z e d  p l a s t i c  y i e l d i n g  a t  t h e  ho le  edge is  shown t o  
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Figure A9. Plot of average strain vs. applied stress for parallel gauge. 
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be a f u n c t i o n  of t h e  gauge o r i e n t a t i o n  8. It may be seen  t h a t  t h e s e  

l o c i  a r e  asymptot ic  t o  1 / 2  a and 1 / 3  a i n  t h e  p a r a l l e l  and t r a n s v e r s e  
Y Y 

d i r e c t i o n s ,  r e s p e c t i v e l y .  

2. The i n t e r p r e t a t i o n s  of t h e  experimental  r e s u l t s  may proceed 

from t h e  p r i n c i p l e s  enunciated i n  F igure  A3.  Figures  A l l  and A12 a r e  

t hus  cons t ruc ted  from Figures  A9  and A10. It may be seen from Figure 

A12 t h a t  a s t r e s s  of 0.7 S may be overest imated by a s  much a s  35% 
Y 

when 3.175 mm d r i l l  b i t s  a r e  used. The t r end  of d e v i a t i o n  

p r e d i c t s  t h a t  t h e  e r r o r  w i l l  d r a s t i c a l l y  i nc rease  a s  t h e  s t r e s s  

approaches t h e  y i e l d  s t r e n g t h .  P a r a l l e l  gauges, F igure  A l l ,  show a 

corresponding e r r o r  of approximately 13%. Therefore,  extreme cau t ion  

must be exe rc i sed  when us ing  t r a n s v e r s e  gauges i n  measurements of 

s t r e s s e s  h ighe r  t han  113 t h e  y i e l d  s t r e s s  of m a t e r i a l .  However, 

w i t h  t h e  s t r a i n  gauge rose t t e -ho le  s i z e  combination used i n  t h e  main 

t e x t ,  s t r e s s e s  of t h e  o rde r  of 0.45 S can be measured wi th  a n  o v e r a l l  
Y 

e r r o r  of 10%. 

Recommendations 

The machining induced s t r a i n  f o r  t h e  s t r a i n  gauge r o s e t t e  ( type  

EA-06-125RE-120) and t h e  3.175 mm d r i l l  b i t  combination is  on an  average 

-35 PE. This  v a l u e  must be sub t r ac t ed  from a l l  t h e  n e t  s t r a i n  re laxa-  

t i o n  r ead ings  recorded i n  t h e  ho le  d r i l l i n g  experiments.  

The e r r o r s  due t o  l o c a l i z e d  p l a s t i c  f low e f f e c t  can be co r r ec t ed  

from t h e  r e s u l t s  shown i n  F igures  A l l  and A12. Thus, i f  t h e  y i e l d  

stress, S of t h e  m a t e r i a l  i s  275.8 MPa, a t r u e  r e s i d u a l  s t r e s s  
Y '  
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Figure A 1  1. Percentage error in strain as a function of applied stress 

for a parallel gauge at various hole sizes. 
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Figure A12.  Percentage error in strain as a function of applied stress 

for a transverse gauge at various hole sizes. 



of 193.1 MPa, which is 0.7 S will be exaggerated by about 35% to a 
Y' 

value of 262 MPa by a transverse gauge, whereas a parallel gauge will 

exaggerate it to about 220.6 MPa. 

For example, consider the reading from rosette /I1 of weldment 1 

in the as-welded condition. In the following Table A-V, the successive 

changes in the stress that occur as a result of modification of the 

three relaxed strains are shown. 



Table A-V. 

MODIFICATION OF RELAXED STRAINS OF ROSETTE #I, WEI.DMENT #l, TO ACCOUNT FOR THE 
DRI1.LINC ERROR AND THE ERROR DUE TO LOCAL YIELDING 

Relaxed Strain, microstrain 

Before 
Correction 

Corrected for 
E = - 3 5 ~ ~  m 

Corrected for 
E = - 3 5 ~ ~  

P 

Principal Stress MPa 
(ksi) Longitudinal Transverse 

1 

-218 

-183 

-148 

1 

169 
(24.50) 

118 
(17.11) 

85 
(12.40) 

2 

40 

75 

75 

Stress, S~ 
MPa 
(ksi) 

423 
(61.36) 

372 
(54.02) 

2 

42 3 
(61.39) 

372 
(54.05) 

30 3 
(44.02) 

E3 

-190 

-155 

-120 

Stress, ST 
MPa 
(ksi) 

169 
(24.53) 

118 
(17.13) 

(45.18) (11.24) 



BIOGRAPHICAL NOTE 

The au tho r  was born i n  Bangalore, I n d i a ,  on March 8, 1952. H e  

rece ived  h i s  B.Sc. degree i n  1971 from Bangalore Univers i ty  and h i s  

B.E.  degree i n  Metal lurgy i n  1974 from Indian  I n s t i t u t e  of Science,  

Bangalore, Ind ia .  

I n  1975, he began graduate  work a t  t h e  Oregon Graduate Center .  


	198201.shankar.s to p; 50.pdf
	198201.shankar.s to p. end.pdf



