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INTRODUCTORY REMARKS 

Residual stresses are self-equilibrating stresses existing in materials or 
components under uniform temperature conditions. It is well established that 
principally no materials and no components or structures of technical importance 
exist free of residual stresses. Such stresses always are produced if regions 
of a material are elastically or plastically inhomogeneously deformed in such 
a permanent manner that incompatibilities of the state of deformation occur. 
In materials, components and structures a great variety of residual stress 
states may exist due to various technological treatments and manufacturing 
processes. 

If parts bearing residual stresses are externally loaded the total stress 
state is always composed of the loading stresses and the residual stresses. 
Consequently, residual stresses are of considerable interest and importance 
for both engineers and scientists. However, since the first quantitative 
reference to residual stresses [I] in 1841 up to now such a large number of 
contributions to this important field has been published [see e.g. 2-10], that 
assumedly nobody is really able to overview all details and facets of it. 
Therefore a handbook of this kind seems to be useful to present material 
scientists and engineers the actual state of knowledge about residual stresses, 
to give an advanced understanding of their origins, measurements, effects and 
evaluations and to make familiar with certain recent developments. 

Residual stresses can have both detrimental or favourable consequences for the 
materials behaviour under certain conditions. The experiences reach from the 
explosion of heat-treated steel shafts lying unloaded on stock up to the increase 
of fatigue strength of parts due to mechanical or thermochemical surface 
treatments. Now as before, however, the actual knowledge about residual stresses 
is mostly scarce. In general, relatively expensive measurements or calculations 
are necessary to establish quantitative data of residual stress states. As a 
consequence in most cases in materials science and engineering residual stresses 
have not or have only qualitatively been taken into account in assessing physical 
and/or mechanical properties and service behaviour of materials, components 
and structures. Now as before, designers, engineers and material scientists 
very often use the term residual stresses as a mostly uncontrollable argument 
in the case of unexpected failure of technical parts. However, for the time 
being the situation is changing dramatically. Worldwide particular efforts 
are initiated in order to solve the various problems related to residual stresses 
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[see e-g. 5-10]. In recent years important improvements of the experimental 
methods as well as of the theoretical background have been achieved. Actually, 
designers are more than ever using the benefits of residual stresses. In 
order to maintain high qualifications in engineering education particular 
postgradiate and other special courses summarize important fundamental aspects 
of residual stresses and their application in a systematic manner. 

The specific purpose of the introduction to this handbook is to comment on the 
nature, the generation, the measurement, the calculation, the effects and the 
assessment of residual stresses in a stimulating rather than in an overviewing 
way. It is intended to present some basic informations and to illustrate 
exemplarily the complex situation in the field of residual stresses. 

DEFINITIONS OF RESIDUAL STRESSES 

Since residual stresses are self-equilibrating stresses, the resultant force 
and the resultant moment produced by them must be zero. An appropriate and 
standardized system of designations classifies three different kinds of residual 
stresses, called residual stresses of the lst, 2nd and 3rd kind. Using the 
term llhomogeneouslt for llcons tant in magnitude and direction" the following 
definitions hold E l l ]  : 

- Residual stresses of the 1st kind are nearly homogeneous across large areas, 
say several grains, of a material and are in equilibrium over the bulk of 
the material. Every interference in the equilibrium of forces and moments 
of a volume containing 1st kind residual stresses will change its dimensions. 

- Residual stresses of the 2nd kind are nearly homogeneous across microscopic 
areas, say one grain or parts of a grain, of a material and are equilibrated 
across a sufficient number of grains- Macroscopic changes of the dimensions 
of a volume comprising 2nd kind residual stresses may only be observed if 
distinct disturbances of this equilibrium will happen. 

- Residual stresses of the 3rd kind are inhomogeneous across submicroscopic 
areas of a material, say some atomic distances within a grain and are 
equilibrated across small parts of a grain. No macroscopic changes of the 
dimensions of the stressed material will happen if this equilibrium is 
disturbed. 

It can be shown that these definitions are sufficient to describe all residual 
stress states occurring in technical parts if mechanical effects of non- 
mechanical influences are absent. Usually, a superposition of residual stresses 
of the lst, 2nd and 3rd kind determines the total residual stress acting at a 
particular point of a material, a component or a structural part. Figure 1 
illustrates schematically a possible local superposition of the three different 
kinds of residual stresses. The y-component of the total residual stress is 
drawn as a function of x for y = constant and is locally given by 

The different kinds of residual stresses are 

.RS, I I J O ~ ' ~ A ,  1 =- ' at one grain 
jdAk I 
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point x of a grain 

The macroscopic equilibrium of the forces with respect to 1st kind residual 
stresses for any plane section area A of the whole body requires 

ard the equilibrium of the moments with respect to an arbitrary reference line 
in the section area A demands 

r is the reference line distance of an element dA of the area A. Analogically, 
for the equilibrium of 2nd kind residual stresses the last two equations are 
valid with A = n\, where q( is the mean grain area and n an arbitrary large 
number. In the case of 3rd kind residual stresses A is +. 
The classification of residual stresses discussed corresponds with the commonly 
used subdivision of residual stresses into macro residual stresses and micro 
residual stresses. Macro residual stresses are 1st kind residual stresses. 
Mostly, only this type of residual stresses is considered if engineers discuss 
problems and effects related to residual stresses. Micro residual stresses on 
the other hand are very often regarded as a combination of residual stresses 
of the 2nd and 3rd kind. 

groin boundary 

Fig. 1 Total residual stress distribution along several grains of a 
polycrystal (schematically) and their separation in lst, 2nd and 

3rd kind residual stresses. 



E. Macherauch 

CHARACTERISTIC EXAMPLES OF RESIDUAL STRESS STATES 

1st Kind Residual Stresses 

Many processes exist generating residual stresses of the 1st kind with different 
magnitudes and distributions in materials, components and structures, e-g. 
machining, forming, joining, heat-treating etc. Characteristic examples are 
collected in Table 1. Any treatment causing inhomogeneously distributed elastic 
or plastic deformations and thus creating strain incompatibilities in between 
adjacent parts of a body produces 1st kind residual stresses. In all cases 
the resulting residual stress states strongly depend on the existing geometrical 
conditions and on the parameters of the applied treatments respectively processes. 
Also as a consequence of simple elastic-plastic loadings macro residual stresses 
occur, e-g. in the case of elastic-plastic bending and elastic-plastic torsion 
of smooth or notched bars. Some typical examples of 1st kind residual stress 
states will shortly be reviewed. 

TABLE 1 

maln groups 

mchlnlng resldual stresses 

Jolnlns resldual stresses 

foundlng resldual stresses 

Forming res ldual stresses 

?at- t reat lng resldual stresses 

lat lng resldual stresses 

sub sroups 

grlndlng 
turnlng 
m l l l  Ins resldual stresses 
~ l a n l n g  
d r l l l l n g  I 
weldlng 

resldual stresses 
brazlng 
adherlng 

r o l  I lng 
orawlng 

press lng 
splnnlng 

quench Ins 
transformat Ion 
hardenlng res ldual s t  resse 
case hardenlng 
n l t r l d l n g  

claddlng 
SpraYlng 

p l a t  Ins 

I 
galvantzlng 

In the case of elastic-plastic torsion of a cylindrical shaft the resulting 
residual shear stresses after unloading can be approximately estimated by the 
assumption that unloading is accompanied by elastic deformations only. Due to 
the elastic-plastic deformation state of theL8uter parts of the shaft, as Fig. 
2 illustrates, the actual loading stresses r (r) are not linearly distributed 
along the radius. On the other hand a fictitious linear shear stress 
distribution r*(r), which would occur if the torsion moment would lead to 
elastic deformations only, can be calculated. The difference 
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Fig. 2 Generation of shearing residual stresses due to elastic-plastic 
torsion of a cylindrical bar. 

yields the residual shear stress distribution after unloading. As can be seen 

from the graph in the lower part in Fig. 2 residual shear stresses of opposite 
signs occur in the outer and in the inner part of the shaft. The surface 

residual shear stress is opposite in sign to the loading shear stress. 

Quenching in course of a heating-treating process may result in the generation 
of rzsidual stresses of the 1st kind, if the quenching temperature is sufficiently 
high and the quenching process sufficiently rapid. During quenching of a 
metallic cylinder the outer parts cool down much faster than the interior. In 

the first stage of cooling this results in thermal stresses, being tensile 
near the surface and compressive near the centre of the cylinder both in axial 
and tangential directions and compressive in radial direction over the whole 
cross-section with exception of the very surface. If the equivalent stresses 

of the local thermal stress states reach the local yield strengths of the 
quenched material plastic deformations occur, which are inhomogeneously 
distributed. Due to these deformations, residual stresses remain after the 
thermal equilibrium has been reached. 

Figure 3 shows the distributions of the time dependent longitudinal, tangential 
and radial thermal resp. residual stress components versus the radius of a 
plain carbon steel cylinder with a diameter of 50 mm and a length of 150 mm 
quenched from 600•‹C in fce water of 0•‹C [12].  The values hold for the middle 
part of the cylinder. The final residual stress distributions 60 s after 
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Fig. 3 Dis t r i bu t i on  of l ong i t ud ina l ,  t angen t i a l  and r a d i a l  thermal 
resp .  r e s i d u a l  s t r e s s e s  i n  t h e  c ro s s  s e c t i o n  of a s t e e l  cy l i nde r ,  

waterquenched from 600•‹C t o  0•‹C. 

quenching a r e  given by t he  t h i ck  s o l i d  l i n e s .  The very su r f ace  i n  t he  middle 
p a r t  of t he  cy l inder  conta ins  compressive r e s i d u a l  s t r e s s e s  i n  t he  l ong i t ud ina l  
and t angen t i a l  d i r e c t i o n  of about equal  magnitude. I n  t he  core  reg ion  of t he  
cy l i nde r  a t r i a x i a l  t e n s i l e  r e s i dua l  s t r e s s  s t a t e  e x i s t s .  

Other important  sources of r e s i d u a l  s t r e s s e s  a r e  machining processes l i k e  
turn ing ,  m i l l i ng ,  gr inding ,  planing etc.. I n  t he  su r f ace  l aye r s  of p a r t s  o r  
components machined by these  methods always combinations of c u t t i n g  processes 
and inhomogeneous p l a s t i c  deformation processes occur. Simultaneously f r i c t i o n  
processes c r e a t e  hea t .  The removal of ma t e r i a l  i s  i n  any case  not iceably  
influenced by i t s  mechanical and thermal p r o p e r t i e s ,  t he  kind and geometry of 
the  c u t t i n g  t o o l  used and t he  cool ing  condi t ions .  I n  t o t a l ,  machining i s  a  
mult iparametric mechanical t reatment which bes ides  a d i s t i n c t  su r f ace  
topography, always produces a c h a r a c t e r i s t i c  workhardened su r f ace  s t a t e  and a 
s p e c i f i c  r e s i d u a l  s t r e s s  pa t t e rn  i n  and beneath t he  machined sur face .  As an 
example, some c h a r a c t e r i s t i c  r e s u l t s  concerning t he  inf luence  of d i f f e r e n t  
m i l l i ng  procedures on magnitude and s i g n  of su r f ace  r e s idua l  s t r e s s e s  of a 
p l a in  carbon s t e e l  a r e  grouped i n  Fig. 4. The s t r e s s  components p a r a l l e l  (al) 
and t r an sve r se  (0 ) t o  t he  mi l l i ng  d i r e c t i o n  a r e  shown. As can be seen,  up-cut 
and down-cut m i l l i ng  produce near ly  t he  same magnitudes of r e s i d u a l  s t r e s s e s  
but  oppos i te  s i gns  i n  the  very su r f ace  of t he  machined samples. Also face-mi l l ing  
with t he  a x i s  of the  t o o l  inc l ined  resp .  perpendicular  t o  t he  su r f ace  of t he  
machined p a r t s  c r e a t e s  oppos i te  s i gns  of su r f ace  r e s i d u a l  s t r e s s e s .  

One of t he  most important technologica l  methods of producing compressive r e s i d u a l  
s t r e s s e s  i n  and beneath the  su r f ace  of s t r u c t u r a l  p a r t s  i s  shot  peening. It 
i s  a  high ve loc i t y  bombarding of t h e  su r f ace  of a ma t e r i a l  wi th  sho t s  of s t e e l s ,  
g l a s s  o r  ceramics. Shot peening produces i n  most cases  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  a s  i l l u s t r a t e d  i n  Fig. 5 f o r  s t e e l  p a r t s  peened with two d i f f e r e n t  
coverages,  sho t  v e l o c i t i e s  and mean shot  diameters.  Maximum compressive 
r e s i d u a l  s t r e s s e s  develop i n  c e r t a i n  d i s t ance s  from the  sur face .  The th ickness  
of t h e  su r f ace  l aye r  wi th  compressive r e s i d u a l  s t r e s s e s  depends on t h e  hardness 
and t he  g r a i n  s i z e  of the  s h o t s ,  t he  k i n e t i c  energy t r an s f e r r ed  by t he  sho t s  
t o  t he  su r f ace  of t he  ma t e r i a l ,  t h e  coverage and t he  t e n s i l e  s t r eng th  o,f t he  
peened p a r t -  
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down - cut milling 

-3001 - 
tendencies: 1 f ~ d  1 diam+eter 

face-milling 
inclined I perpendicular 

cutting axis 

up-cut milling 

Fig. 4 Signs and magnitudes of su r f ace  r e s idua l  s t r e s s e s  of d i f f e r e n t l y  
mi l led  p l a i n  carbon s t e e l  specimens due t o  v a r i a t i o n  of the  

machining parameters. 

2nd Kind Residual  S t r e s se s  

Residual s t r e s s  s t a t e s  which can e n t i r e l y  be a t t r i b u t e d  t o  2nd kind r e s i d u a l  
s t r e s s e s  a r e  very r a r e .  However, examples can be given f o r  homogeneous a s  
well a s  f o r  heterogeneous ma te r i a l s  which descr ibe  such s t a t e s  a t  l e a s t  
approximately. Homogeneous ma te r i a l s  with a pronounced aniso t ropy of t he  
y ie ld  s t r eng th  and work hardening of t h e i r  g r a i n s ,  show r e s idua l  g r a in  s t r e s s e s  
of d i f f e r e n t  magnitudes a f t e r  un i ax i a l  e l a s t i c - p l a s t i c  t e n s i l e  deformation. 
The s i gn  of the  g r a in  s t r e s s e s  depends on t he  o r i e n t a t i o n  of t he  g r a in s  wi th  
respec t  t o  the  deformation d i r ec t i on .  A l l  g r a i n s  with a l a r g e r  ( smal le r )  
y i e ld  s t r e n g t h  Res than t h e  average y i e l d  s t r e n g t h  ReS of t h e  ma t e r i a l  a r e  
sources of t e n s i l e  (compressive) r e s i d u a l  s t r e s s e s .  The r e s i d u a l  s t r e s s e s  a r e  
i n  equi l ibr ium over a s u f f i c i e n t l y  l a r g e  number of g r a in s .  Such conclusions 
can be der ived  from the  simple model i l l u s t r a t e d  i n  Fig.  6 ,  which assumes t h a t  
a l l  g r a in s  behave l i k e  equa l l y  s t r a i ned  p a r t s  wi th  t he  same e l a s t i c  response 
but  o r i e n t a t i o n  dependent y i e ld  s t r eng th s  and workhardening a b i l i t i e s .  Apart 
from the  workhardening curve of a g r a in ,  which behaves l i k e  t he  bulk ma te r i a l ,  
a l s o  t he  workhardening curves of t h e  g r a i n s  wi th  t h e  l a r g e s t  and t h e  sma l l e s t  
y ie ld  s t r eng th  (and workhardening) a r e  drawn schematically.  The workhardening 
curves of a l l  o t he r  g r a i n s  a r e  considered l y ing  between t he se  boundary curves.  
Unloading a f t e r  a  c e r t a i n  ex t en t  of t o t a l  deformation develops r e s i d u a l  s t r e s s e s ,  
whereby t h e  g r a in s  wi th  t he  l a r g e s t  resp .  t h e  sma l l e s t  y i e l d  s t r e s s e s  r e ce ive  t h e  
l a r g e s t  2nd kind t e n s i l e  r e s i d u a l  s t r e s s e s  aRS resp .  t he  l a r g e s t  2nd kind comp- 
r e s s ive  r e s i d u a l  s t r e s s e s  oR? min ' 

Other c h a r a c t e r i s t i c  examples f o r  2nd kind r e s i d u a l  s t r e s s  s t a t e s  a r e  documented 
by the  d a t a  shown i n  Fig. 7. The s t r e s s e s  i n  the  g r a in s  of s eve ra l  well-annealed 
heterogeneous tungsten carb ide-cobal t -a l loys  a r e  p l o t t e d  a s  a func t ion  of t he  
volume content  of cobal t .  Due t o  t he  d i f f e r ences  i n  t he  thermal expansion 
coe f f i c i en t s  of both phases., t h e  coba l t  g r a in s  a r e  subjec ted  t o  t e n s i l e  r e s i dua l  
s t r e s s e s  ( i nd i ca t ed  by do t s )  which a r e  equ i l i b r a t ed  by compressive r e s i d u a l  
s t r e s s e s  i n  t he  tungsten carb ide  g r a in s  ( i nd i ca t ed  by c i r c l e s ) .  The necessary 
equil ibrium of t h e  r e s i d u a l  g r a in  s t r e s s e s  can be shown approximately ( i nd i ca t ed  
by crosses)  us ing  t he  volume contents  of both phases and applying a simple 
mixture r u l e  E131. 

In p a r t i c u l a r  cases  during heat- treatment of ma t e r i a l s  incomplete t ransformat ions  
may occur. Consequently, bes ides  g r a in s  of t he  newly developed phase the  
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Fig. 5 Residual stresses versus distance from the surface of quenched and 
tempered steel specimens, shot peened with different velocities (top), 

coverages (middle) and shot sizes (bottom). 

material also contains grains of the initial phase. If the specific volumes 
of both phases differ, residual grain stresses develop. The most important 
examples in this respect are martensitically transformed steel specimens 
(with a relatively high content of carbon or distinct alloying elements), 
which are composed of grains of martensite and retained austenite. Since the 
specific volume of martensite is always larger than that of retained austenite 
residual stresses of the 2nd kind occur. 
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" I 

Fig. 6 Development of 2nd kind residual stresses during elastic-plastic 
tensile deformation of a polycrystal as a consequence of the anisotropy 
of yield strength and work hardening of the grains (schematically). 

800 
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0 

cobalt content [ vd.- %I 

Fig. 7 2nd kind residual stresses in the WC- and Co-grains of a 
heterogeneous WC-Co-alloy cooled to room temperature. 

3rd Kind Residual Stresses 

Residual stress states of the 3rd kind are connected with all types of lattice 
imperfections, occurring in the interior of the grains of homogeneous or 
heterogeneous polycrystals as well as at the grain boundaries. Important 
examples are the residual stress fields accompanying dislocations [see e.g. 
141. In Fig. 8 the residual stress fie'ld of an edge dislocation is illustrated 
schematically. The residual shear stresses rE$ = r!: and the residual normal 
stresses 5;; change their signs if the liner y = + x are passed- Above resp. 
beneath the slip plane compressive resp. tensile residual normal stresses 0%: 
occur. All stress components decrease inversely with the distance to the 
centre of the dislocation. Figure 9 shows quantitatively the distributions of 
the components 052 and T$! around the centre of an edge dislocation. Since in 
most materials of technical importance relatively large dislocation densities 
occur, the stress fields of the single dislocations superimpose within the 
grains and complex residual stress states occur. Any changes in the density 
of dislocations, e.g. due to plastic deformation, are connected with changes 
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Fig. 8 3rd kind residual stress field around an edge dislocation, 
schematically. 

Fig. 9 Distribution of 3rd kind residual stress components oRS and 
RS 

around an edge dislocation. Unit of distance: Burgers vecto?? unit 8 
stresses: Gl400n (1-v) with G shear modulus and v Poisson's ratio. 

in the residual stress state. Also changes in the arrangement of the dislocations 
will lead to changes in the resulting 3rd kind residual stresses. 

Superposition of Different Kinds of Residual Stresses 

The lst, 2nd and 3rd kind residual stress states described in the preceding 
chapters display abstractions, since in any individual case only distinct kinds 
of stresses are considered. In reality all technical parts or components 
holding 1st kind residual stresses due to previous technological treatments 
also bear 2nd and 3rd kind residual stresses. Typical examples are hardened 
steel axles and milled metal sheets. Hardened axles manufactured from a low- 
alloy steel show a superposition of quenching and transformation residual 
stresses of the 1st kind and, if macroscopic distortions were cancelled by 
straightening, also 1st kind deformation residual stresses. The different 
specific volumes of austenite and martensite and the different coefficients of 
thermal expansion of martensite, retained austenite and carbides lead to residual 
stresses of the 2nd kind. As a consequence of elastic anisotropy as well as of 
yield strength anisotropy also 2nd kind residual stresses may occur. Furthermore 
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the high dislocation density and the interstitially dissolved carbon atoms in 
the martensite cause strong 3rd kind residual stresses. In a similar way the 
mental separation of the different kinds of residual stresses in the above- 
mentioned milled metal sheets can be carried out. 

If material states free of 1st kind residual stresses should be produced by 
annealing at sufficient high temperatures also 2nd and 3rd kind residual stresses 
are reduced. However, all material states free of 1st kind residual stresses 
are always influenced by 3rd kind residual stresses, often also by 2nd kind 
residual stresses. As already stated, constructional parts, which are residual 
stress free in the true sense of the word, can consequently never be achieved. 

MEASUREMENT OF RESIDUAL STRESSES 

As already mentioned, the actual stress state of any material, component or 
structure is determined by the superposition of loading stresses and residual 
stresses. Nowadays, sophisticated methods available in the field of experimental 
and theoretical stress analysis allow in almost all cases the appropriate 
determination of permissible loading stresses. On the other hand, however, the 
accurate evaluation of acting residual stresses includes various problems. 
Cheap, simple and reliable methods for the determination of residual stress 
distributions do not exist, although various methods of measuring residual 
stresses have been developed in course of time [see e.g. 5-10, 15-19]. Table 2 
gives a rough survey about the most important methods, the measured quantities, 
from which distinct kinds of residual streses can be determined and the destructive 
resp. non-destructive character of the single measuring procedures. According 
to their nature residual stresses can be determined 

- from macroscopic strains released while material is removed from parts 
loaded by residual stresses. This is the base of all mechanical methods; 

- from residual lattice strain distributions. This is the base of X-ray and 
neutron diffraction methods; 

- from their effects on distinct physical properties. This is the base of 
ultrasonic and magnetic methods. 

At the present time the most widely applied methods are X-ray diffraction and 
mechanical strain gauge procedures. The X-ray method is the only non-destructive 
method existing for the measurement of surface residual stresses. Since 
homogeneous lattice strains of distinct oriented sets of grains are measured, 

TABLE 2 

lneutron I 
dlffractfon homogeneous lattlce stralns 

1 magnetlc I e.g. Barkhausen-nolseampl ltudes 
ultrasonics 

1st klnd destructlve 

e.9, tl of fllght dlfferences 
of shear waves 

lst+Znd klnd non-destructive 
(surf ace 1 

lst+Znd+3rd klnd non-des t ruc t l ve 

lst+2nd+3rd klnd non-dest ruct lve 
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always residual stresses of the 1st and 2nd kind are determined. All mechanical 
methods are destructive. The disadvantage of these methods destroying the 
parts, which have to be analysed, frequently seems to be compensated by the 
fact that only macro residual stresses are registrated and that the application 
in some cases is very simple. The neutron-diffraction method allows the non- 
destructive analysis of residual stress states in the interior of parts. 
Residual stresses of the 1st and 2nd kind are measured. Since the measured 
volumes are relatively large, existing 2nd kind residual stresses mostly are 
equilibrated and pure 1st kind residual stresses are determined. Finally, it 
should be noted that promising progresses were achieved in recent years with 
ultrasonic and magnetic residual stress measuring techniques. Significant 
research activities are well on their way to improve the practical applicabilities 
of these procedures. 

In the following, only a few comments will be given on the above-mentioned 
procedures for the determination of residual stresses concerning their principles, 
advantages and limitations. All mechanical techniques to determine residual 
stresses are based either on the measurement of macroscopic strains released 
due to removing stressed materials by mechanical or etching treatments or on 
the measurement of shape changes due to cutting stressed material. As an 
example of a modern measuring technique the upper part of Fig. 10 shows the 
requirements for the ring coring method [20], which measures changes of surface 
strains with rosettes of strain gauges (indicated as RSG) during milling a ring 
shaped slot of distinct dimensions in the part of interest. From the strains 
measured, surface residual stresses as well as residual stress distributions 
beneath the surface can be calculated. As a characteristic result the lower 
part of Fig. 10 shows the distributions of axial and tangential surface residual 
stresses for a generator shaft with a diameter of 1.80 m and a length of 6.4 m 
1211. As can be seen, only small quantities of surface residual stresses 
occur. 

Fig. 10 Distribution of axial and tangential residual stresses of 
a generator axle determined with the ring coring method. 

Besides the described technique also other mechanical procedures like e.g. the 
classical boring-out or cutting-off methods, the hole drilling method and the 
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beam deflection method frequently are used [15,161. In all these cases portions 
of the residually stressed components are cut away and the strains appertaining 
to the disturbance of the original equilibrium of the residual stress state are 
measured. From the measured strains conclusions are drawn about sign, magnitude 
and distribution of the residual stresses. All destructive techniques are 
time consuming and show deficiencies with respect to the resolving power, if 
steep gradients of residual stresses occur. Furthermore, some of the developed 
methods can only be applied without analytical difficulties, as long as the 
shape of a component to be analysed agrees with that quantitative procedures 
for calculating the residual stresses from the theory of elasticity have been 
derived for. Generally, residual stresses in components being actually in 
service cannot be analysed with mechanical methods. This imposes a further 
limitation for their practical use. Exceptions in this respect are the hole 
drilling and the ring coring method in such cases, where the holes and the ring 
slots necessary for the measurements are very small and consequently they may 
be considered as non-destructive. 

The X-ray diffraction method of residual stress analysis is basically restricted 
to surface stress determinations, since the applicable X-ray wave lengths have 
only very small penetration depths in most anorganic materials. Always the 
shifts of interference lines are measured which are proportional to homogeneous 
lattice strains determined in equal crystallographic directions of many grains 
in and near the surface of the investigated materials. According to the theory 
of elasticity any biaxial 1st kind surface residual stress state reveals strains, 
which are linearly dependent on sin2$ in all azimuths of the appertaining 
deformation ellipsoid. Consequently in such cases the so-called sin2$-method 
[22] can be applied for residual stress determinations by X-ray diffraction, 
measuring homogeneous lattice strains in various oblique angles $ against 
the surface normal in appropriate azimuth planes of the surface area of interest. 
Nowadays such measurements are perforemd in special computer-controlled X-ray 
diffractometers, which perform data processing, plot graphs of the existing 
residual lattice strain distributions and calculate signs and magnitudes of the 
residual stresses causing these distributions automatically. Stationary as 
well as mobile diffractometers are available. The choice of $-diffractometers 
C231 yields special advantages. The measuring time for single residual stress 
components depend on the material states to be analysed and may reach from a 
few minutes up to about hours. A typical result for a complete X-ray analysis 
of the surface residual stress state of a material is shown in Fig. 11. In 36 
azimuths the surface residual stress components of a rolled armco-iron sheet 
were determined measuring in any azimuth in 8 $-directions the positions of 
I7211 / (6331 / I5521 -inter•’ erence lines with Mo-Ka-radiation. The total measurements 
for one component were carried out in about 2.5 hours. The principal residual 
stresses parallel and perpendicular to the rolling directions are = -202 
N/mm2 and a2 = -173 N/mm2, respectively [241. 

An important feature of X-ray lattice strain measurements is the fact, that 
always the combined influence of 1st and 2nd kind residual stresses acting in 
the irradiated material volume is determined. Therefore sometimes problems of 
interpretation of the measured quantities occur. According to experience in 
special cases also 2nd kind residual stresses produce lattice strains linearly 
distributed versus sin2$, superposed on lattice strains due to 1st kind residual 
stresses. This is observed for example in uniaxially deformed plain carbon 
steel specimens. An example is shown in Fig. 12 [251. In this particular case 
the separation of 1st and 2nd kind residual stresses was achieved by combining 
the sin2$-method with an electrolytic method of removal of parts of the object 
being examined. The experimentally determined residual stress distribution 
over the diameter of the cylindrical tensile specimen (left part of Fig. 12) 
results from the superposition of locally changing 1st kind residual stresses 
(middle part of Fig. 12) and of constant 2nd kind residual stresses (right part 
of Fig. 12). The values hold for a 6% plastically deformed tensile specimen. 
Obviously in all cases, where doubts occur about the meaning of measured lattice 
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Fig. 11 Residual surface stress distribution of a 78% cold-rolled 
armco iron sheet determined by X-ray diffraction at {721}/{633} / {552)- 

lattice planes. 

Fig. 12 Distribution of longitudinal residual stresses along the diameter 
of a 6% tensile deformed steel specimen determined by X-rays. 
Total residual stresses (left), 1st kind residual stresses 

(middle) and 2nd kind residual stresses (right). 

strain distributions in terms of residual stresses, the simultaneous application 
of X-ray and mechanical methods for residual stress analysis seems to be 
useful. 

Two examples, published recently, should be presented. Figure 13 shows the 
distribution of the longitudinal residual stresses versus the radius of an 
ice-water quenched nickel-steel cylinder determined by two mechanical methods 
and the X-ray method [26]. As can be seen, the comparative measurements agree 
excellently. Another example, which reveals marked differences between X-ray 
and mechanical residual stress measurements is illustrated in Fig. 14. The 
residual stress distributions beneath the surface of ground specimens of a ball 
bearing steel are considered. The surface and subsurface residual stresses 
parallel to the grinding direction determined by X-rays are considerably higher 
than the values derived from a mechanical deflection method. At least in a 
qualitative sense both methods deliver similar stress distribution. The authors 
C271 state, that the observed differences "may have their source in the completely 
different measurement techniques or in the machining process, or in both of 
these". Obviously further investigations are needed to outline the roots of 
such differences. 
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Fig. 13 Longitudinal residual stresses versus radius of a quenched 
nickel-steel cylinder (600•‹C ' OeC, diameter 50 mm, length 

200 mm) measured by (1) boring-out method, (2) combined boring-out 
and cutting-off method, (3) X-ray method. 

depth beneath surface z l urn 1 

Fig. 14 Residual stress distributions of a ground ball-bearing steel 
determined mechanically and by X-rays. 

Very recently, also in the case of heavily texturized steel sheets the effects 
of 1st and 2nd kind residual stresses on the lattice strain distributions 
determined from the shifts of interference lines with low {hkll-indices were 
separated C241. In such cases non-linearly distributed lattice strains versus 
sin2@ are observed. However, by measuring multiple interference lines with 
large {hkll-indices strains of a much higher number of grains or parts of 
grains are obtained. By such measurements the 2nd kind residual stress effects 
due to the influence of elastic anisotropy are to a certain extent averaged out 
and quasi-linear distributions of the lattice strains versus sin2@ are found. 
Thus, by the aid of high indexed multiple interference lines surface residual 
stress states of the 1st kind can be determined at least approximately. Combining 
these results with those, gained from interference lines with low indices, 
information about deformation-induced 2nd kind residual stresses can be derived. 
A useful tool in this respect are lattice deformation pole-figures, introduced 
recently E281. As an example, Fig. 15 shows the 2nd kind lattice deformation 
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Max. = -1.797 %O 

R D Min. = -2.339 O/oo 

Fig. 15 2nd kind deformation pole figure of a 78% cold-rolled armco 
iron sheet determined by X-ray diffraction at (211)-lattice planes. 

RD rolling direction, TD transverse direction. 

pole-figure of a 78% cold rolled armco-iron sheet (carbon content 0.03 wt.-%) 
measured with Cr-Ka-radiation on 1211)-planes of ferrite. 

Pleanwhile the difficult interpretation of the residual lattice strain states of 
highly texturized materials, characterized by non-linearities of the homogeneous 
lattice strains versus sin2+ determined by low indices interference lines, has 
led to the proposal of several methods how to evaluate residual stresses from 
the measured data [7,29-321. All these methods start with certain assumptions 
about the existing texture states and the effective elastic constants and result 
in complicated evaluation procedures that are less applicable for practical 
purposes. However, also in materials free of texture effects non-linear 
distributions of residual lattice strains can be observed, if measurements by 
X-ray diffraction are performed. Typical examples are depicted schematically 
in Fig. 16. Curved residual lattice strain distributions may occur, if strong 
gradients of residual stresses exist near the very surface of the materials 
being examined (middle part of Fig. 16)- If the principal axes of the stress 
system are inclined to the axes of the sample co-ordinate system, shear stresses 
appear in the specimen surface, causing different interference line positions 
at +-angles of equal magnitude but opposite sign (+-splitting). Then, the 
strain distributiors versus sin2+ are no longer linear but elliptical (right 
part of Fig. 16). In the examples mentioned more time and cost are needed for 
the evaluation of the residual stress states than in such cases, where the 
premises of the classical sin2+-method are fulfilled. 

A very important feature of X-ray stress analysis is the possibility to determine 
residual stress states in very small volumes of surface material. Consequently 
residual stress determinations in the root of notches as well as near crack 
tips or generally spoken in surface areas with pronounced local changes in the 
residual stress state can be performed. As an example Fig. 17 shows the 
distribution of the surface residual stresses acting parallel and perpendicular 
to the bead in the middle part of electron-beam welded plates of a plain carbon 
steel with 0.32 wt.-% carbon [331. High compressive residual stresses occur in 
the centre of the bead. Maximum tensile residual stresses develop in a certain 
distance to the bead at both sides of the weld. 
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Fig. 16 Non-linear residual lattice strain distributions versus sin2+ 
caused by texture effects (left), steep stress gradient (middle) 

(schematically) and multi-axiality of near-surface residual stress state (right). 

Fig. 17 Surface residual stresses parallel (left) and perpendicular 
(right) to the bead versus distance from the centre of the bead 

in the middle of electron-beam welded sheets. 

Recent developments have shown that - if cases of too strong stress gradients 
are omitted - neutron diffraction offers excellent possibilities to determine 
non-destructively residual stress components in the interior of components 
[ 3 4 - 3 6 1 .  In special cases three-dimensional stress profiles have accurately 
been measured. However the experimental expenditure is very large. A source 
of thermal neutrons must be provided, so that appropriate measurements only can 
be made, where e.g. nuclear reactors are available. In the meantime several 
successful residual stress evaluations by means of neutrons have been performed. 
Since neutron sources are relatively weak in comparison to X-ray sources, 
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- the residual stress pattern in autofrettaged cylindrical tubes and their 
redistribution due to notches or cracks 1511, 

- the generation of residual stress states in quenched parts with and without 
consideration of phase transformation processes [43-471, 

- the development of residual stresses generated during the heat treatment of 
case carburized components 1521, 

- the quantitative evaluation of the residual stress states of induction 
hardened parts [53,541. 

In the following three characteristic examples are presented which may illustrate 
recent activities in the field of computer-aided analytical predictions of 1st 
kind residual stresses. Figure 20 shows in the upper part the finite element 
mesh used for predicting the axial and hoop residual stresses in a two-pass 
girth-butt welded pipe (diameter approximately 315 mm, wall thickness approximately 
4.6 mm). The middle and lower part of the figure depict for the inner surface 
of the pipe the calculated and the mechanically measured axial and hoop residual 
stresses in dependence on the distance from the centre of the weld. While a 
satisfying agreement between computed and measured axial residual stresses 
exist, marked discrepancies occur between calculated and experimental hoop 
residual stresses in larger distances from the edge of the weld. Also at the 
outer surface of the welded pipe the agreement between measurement and calculation 
is better for the axial than for the hoop residual stresses 1481- 

In the past decade several finite element programs have been developed [see 
e.g. 38, 40-473 for the calculation of residual stress states of quenched 
parts, including phase transformation processes and consequences of changes in 
the chemical composition due to thermochemical heat-treatments- Nowadays it is 
easily possible to describe quantitatively in dependence on time the local 
distortions and local thermal resp. transformation stresses during cooling as 
well as the final residual stress state after equalization of temperature of 
rapidly quenched components of not too complicated shape. Figure 21 shows a 
sequence of computer graphs, which visualize the development of the axial 
stresses of a steel cylinder water quenched from 600•‹C to O•‹C t431. Perpendicular 
to the z,r-plane (z is longitudinal, r radial axis at the middle of the cylinder) 
tensile stresses are plotted upwards and compressive stresses downwards. 
According to the boundary conditions, the axial stresses disappear at the free 
end of the cylinder. 0.7 s after starting quenching tensile stresses near the 
surface of the cylinder equilibrate compressive stresses in the interior. 
Later on (e.g. 10.9 s after quenching) as a consequence of inhomogeneous plastic 
deformations the sign of the thermal stresses in the outer part and afterwards 
also in the inner parts of the cylinder change and finally (18.9 s after quenching) 
tensile residual stresses in the core are equilibrated by compressive residual 
stresses near the cylinder surface. In Fig. 22 the calculated residual' stress 
components of another steel cylinder of 100 mm length and 12 mm diameter, 
quenched from 680•‹C in water of 20•‹C are compared experimentally with surface 
stress values determined by X-ray diffraction. As can be seen, there is a very 
satisfying correspondence between calculated and measured stress values. 

In the last years particular efforts were made to treat quantitatively the 
development of residual stresses as a consequence of the hardening of steels 
[40-471. In the finite element computer programs used the thermoelastic-plastic 
behaviour of the parts during quenching was modelled with accurate consideration 
of the involved phase transformation processes. Important facts influencing 
the developing residual stress state of martensitically hardened parts are the 
interaction between actual stresses and transformation processes as well as the 
transformation plasticity, which accompanies the transition from austenite to 
martensite. Very recently the effects of transformation plasticity and stress- 
modified transformation kinetics have been taken into account by calculating 
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Fig. 20 Finite element mesh for computation of the residual stress 
state of a two-pass girth-butt welded pipe (upper part of the 

figure) and comparison of calculated and experimentally determined 
hoop (middle part of the figure) and axial residual stress 
distribution (lower part of the figure) at the inner surface 

of the welded pipe. 

the residual stresses of a martensitically hardened cylinder of an alloyed 
steel [471. Figure 23 allows the comparison of the calculated longitudinal 
residual stress distributions considering the mentioned effects with experimental 
results. 

A further interesting field of computational residual stress determinations is 
induction hardening of steel specimens, which comprises electromagnetic heating 
and subsequent quenching. It is a frequently used heatltreatment method of 
great practical importance. Figure 24 shows calculated distributions of 
longitudinal (left) and tangential (right) residual stresses over the radius of 
cylinders of a plain carbon steel (German grade Ck 45) with diameters of 30, 60 
and 120 mm [531. In all cases the same conditions for induction heating and 
subsequent quenching were assumed. In the heating stage surface layers of 1 mm 
thickness were heated with a source power density of 2.4 W/mm3. As a consequence 
of locally different amounts and distributions of plastic deformations residual 
stress states occur with pronounced differences in sign and magnitude of residual 
stresses in the surface and in the interior of the cylindrical specimens. 
Obviously, induction hardening with comparable heat input results in a distinct 
size-effect regarding the residual stress distributions of parts with different 
dimensions. 
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Fig. 2 1  Generation of longitudinal thermal stresses in a steel cylinder of 
300 mm length and 15 mm diameter after quenching from 600•‹C to O•‹C in 
dependence on time. The distribution at the bottom of the figure 

describes the quenching residual stress state. 

ASSESSING ASPECTS OF RESIDUAL STRESSES 

The safety of statically and/or cyclically loaded components is of fundamental 
concern in technology. Consequently, technical components have to be designed 
and fabricated with sufficient reliability. In dimensioning constructional 
parts the relation between loading stresses and strength response of the material 
being used is almost entirely considered under complete ignoration of residual 
stresses. However, the local stresses in a material/component/structure are 
always the sum of residual stresses and stresses due to external forces and 
moments. Consequently, residual stresses have to be taken into account if 
reliable and safe constructions should be performed [see e.g. 5,9]. As all 
residual stresses influence the service behaviour of materials/components/ 
structures, it is of particular interest for engineers and designers to know 
where benefits of residual stresses actually occur and can be utilized 
successfully. One large deficiency in respect to a systematic discussion of 
the consequences of residual stresses on service behaviour is the fact, that 
sufficient information about the real existing residual stress states is most 
unavailable. In actual cases, residual stresses severely depend on fabrication 
parameters as well as on process variables of the technological treatments 
being applied. Any manufacturing process produces individual residual stress 
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residual stress [ N l  mm21 

Fig. 22 Calculated distributions of longitudinal, tangential and radial 
residual stresses in a steel-cylinder (100 mm length, 12 mm diameter) 
after quenching from 680•‹C to 20•‹C and experimentally determined 

longitudinal and tangential surface residual stresses. 
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Fig. 23 Calculated distributions of longitudinal residual stresses 
in a cylinder of 60 NiCr 10 3 taking into consideration 
- stress transformation Lnteractions and transformation 
plasticity, --- transformation plasticity. The cylinder 

with a length of 105 mm and a diameter of 35 mm was 
water-quenched from 900•‹C to 20•‹C. The experimentally 

determined stress values are denoted by ****. 

patterns in a given structural component. Consequently, the correct assessment 
and optimized use of residual stresses in engineering create a number of problems. 
For example in welding as a consequence of the large amount of heat necessarily 
complex thermal stress states develop, which produce inhomogeneous plastic 
deformations and often cause cracking. The most serious problems associated 
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F ig .  25 D i s t r i b u t i o n  of t h e  e q u i v a l e n t  s t r e s s e s  a long  t h e  w a l l  of a  t h i c k -  
wa l led  tube.  L e f t  s i d e :  E q u i v a l e n t  load ing  s t r e s s  C J V , L S  d u r i n g  

a u t o f r e t t a g i n g  w i t h  p  = 636 ~ / m m ~  and e q u i v a l e n t  r e s i d u a l  s t r e s s  0  
a f t e r  unloading.  R igh t  s i d e :  Equiva len t  l o a d i n g  s t r e s s  of t h e  autofr!t?zged 

tube  UV and e q u i v a l e n t  load ing  s t r e s s  of a  r e s i d u a l  s t r e s s  f r e e  tube  
g,Rs-free a t  p  = 450 N/mm2- 

w i t h  K LS t h e  load ing  s t r e s s  i n t e n s i t y  f a c t o r  and K RS t h e  r e s i d u a l  s t r e s s  
i n t e n s i t y  f a c t o r .  F r a c t u r e  w i l l  o c c u r ,  i f  

I 

Obviously t h e  c o r r e c t  a ssessment  of t h e  i n f l u e n c e  of r e s i d u a l  s t r e s s  p a t t e r n s  
on t h e  f r a c t u r e  behaviour  of cracked p a r t s  under  t h e  c o n d i t i o n s  of l i n e a r  
f r a c t u r e  ~ ~ c h a n i c s  r e q u i r e s  t h e  knowledge of t h e  r e s i d u a l  s t r e s s  i n t e n s i t y  
f a c t o r  K . For m a t e r i a l  s t a t e s  where t h e  K -concept  f a i l s  t h e  p r i n c i p l e s  
of f r a c t u r e  mechanics have t o  be u t i f f z e d .  However, i n  t h e s e  p a r t i c u l a r  
c a s e s  some u n c e r t a i n t i e s  a r i s e  abou t  t h e  c o n s i d e r a t i o n  o f  r e s i d u a l  s t r e s s e s  on 
f r a c t u r e  i n i t i a t i o n  problems. For  example t h e  B r i t i s h  Welding I n s t i t u t e  recommends 
a  pragmatic  procedure c o n t r o l l i n g  t h e  e f f e c t s  of r e s i d u a l  s t r e s s e s  on t h e  
f r a c t u r e  behaviour  of weldments w i t h  f l a w s ,  b a s i n g  on l i n e a r  and y i e l d i n g  
f r a c t u r e  mechanics C551. 

For  reasons  of completeness  i t  should be f u r t h e r  mentioned t h a t  r e s i d u a l  s t r e s s e s  
p r i n c i p a l l y  reduce  t h e  buck l ing  s t r e n g t h  of s t a t i c a l l y  loaded p a r t s  w i t h  buckl ing 
s e n s i t i v e  dimensions [ s e e  e - g .  561. On t h e  o t h e r  hand compressive r e s i d u a l  
s u r f a c e  s t r e s s e s  enhance t h e  r e s i s t a n c e  a g a i n s t  s t r e s s  c o r r o s i o n  c r a c k i n g  of 
s t r e s s  c o r r o s i o n  s e n s i t i v e  m a t e r i a l s  [ s e e  e - g .  3 ,161.  

The p r a c t i c a l l y  most impor tan t  a r e a  i n  which r e s i d u a l  s t r e s s e s  i n f l u e n c e  t h e  
s e r v i c e  behaviour  of materials/components/structures i s  t h e  f i e l d  of f a t i g u e .  
I n  t h e  p a s t  s e v e r a l  i n v e s t i g a t i o n s  have confirmed t h a t  t h e  p resence  of compressive 
( t e n s i l e )  r e s i d u a l  s t r e s s e s  a t  t h e  s u r f a c e  of c y c l i c a l l y  loaded m a t e r i a l s f  -- 
components / s t ruc tu res  i s  b e n e f i c i a l  ( d e t r i m e n t a l )  t o  improve f a t i g u e  l i f e .  
Consequently,  t o  such p a r t s ,  which a r e  expected t o  have a  l a r g e  r e s i s t a n c e  
a g a i n s t  f a t i g u e  f a i l u r e ,  many d e s i g n e r s  app ly  t echn iques  g e n e r a t i n g  compressive 
r e s i d u a l  s t r e s s e s  a t  and n e a r  t h e  s u r f a c e .  F requen t ly  u t i l i z e d  p rocedures  a r e  
sho t -peen ing ,  s u r f a c e - r o l l i n g ,  induc t ion-harden ing ,  case -harden ing ,  n i t r i d i n g  

/ 
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and s u i t a b l e  combinat ions of t h e s e  t r e a t m e n t s .  A c t u a l l y ,  a l l  methods mentioned 
improve t h e  h igh  c y c l e  f a t i g u e  behaviour  of v a r i o u s  s t e e l s .  The obseryed 
i n c r e a s e  o f  t h e  endurance l e v e l  depends on t h e  p r o c e s s  v a r i a b l e s  and can  always 
be c o n t r i b u t e d  t o  a  c e r t a i n  amount of s u r f a c e  compressive r e s i d u a l  s t r e s s e s .  
In  r e c e n t  y e a r s  remarkable p r o g r e s s  was ga ined  i n  p r e d i c t i n g  q u a n t i t a t i v e l y  
t h e  e f f e c t s  of r e s i d u a l  s t r e s s e s  on t h e  f a t i g u e  behav iour  of s u r f a c e  t r e a t e d  
s t e e l  p a r t s -  Nowadays a t  l e a s t  o b j e c t i v e  concep ts  can be  p r e s e n t e d  t o  u t i l i z e  
r e s i d u a l  s t r e s s e s  i n  op t imiz ing  t h e  d e s i g n  of v a r i o u s  t e c h n i c a l  components 
which a r e  f a t i g u e  loaded.  A t y p i c a l  r e s u l t  1571 t o  what e x t e n t  t h e  bending 
f a t i g u e  s t r e n g t h  of a  low-al loy s t e e l  can be  i n c r e a s e d  by c a s e  ha rden ing  and 
subsequent  s h o t  peening i s  shown i n  Fig.  26. The chemo-thermical t r e a t m e n t  
y i e l d s  a  f a t i g u e  s t r e n g t h  which i s  abou t  4  t imes  g r e a t e r  than  t h a t  of t h e  
normalized - s t e e l .  By shot-peening a  f u r t h e r  i n c r e a s e  of 6% i s  r e a l i z e d .  

number of cyctes 

Fig. 26 Woehler-curves of a  c a s e  ha rden ing  s t e e l  16  MoCr 5 ( 1 )  normalized 
s t a t e ,  ( 2 )  b l i n d  hardened s t a t e ,  ( 3 )  c a s e  hardened s t a t e ,  

( 4 )  c a s e  hardened and shot-peened s t a t e .  

The i n f l u e n c e  of machining r e s i d u a l  s t r e s s e s  on t h e  f a t i g u e  behaviour  of notched 
p a r t s  i s  of p a r t i c u l a r  i n t e r e s t .  Very r e c e n t l y  d e f i n e d  s u r f a c e  r e s i d u a l  s t r e s s  
s t a t e s  w i t h  d i f f e r e n t  magnitudes and s i g n s  of t h e  s t r e s s  components b u t  t h e  
same s u r f a c e  roughness and workhardening s t a t e s  a t  t h e  n o t c h  r o o t  of normalized 
a s  w e l l  a s  o f  quenched and tempered s t e e l  specimens could be produced 1581. 
In Fig. 27  t h e  bending f a t i g u e  s t r e n g t h s  of notched specimens,  w i t h  d i f f e r e n t  
r e s i d u a l  s t r e s s e s  i n  t h e  n o t c h  r o o t ,  a r e  compared w i t h  t h o s e  of smooth specimens 
with t h e  same s u r f a c e  roughness and workhardening s t a t e .  As can be s e e n ,  
notched specimens r e v e a l  a  s m a l l e r  r e s i d u a l  s t r e s s  s e n s i t i v i t y  o f  t h e  f a t i g u e  
s t r e n g t h  than  smooth specimens. Furthermore,  machining which produces h igh  
magnitudes of t e n s i l e  r e s i d u a l  s t r e s s e s ,  l e a d s  t o  lower f a t i g u e  s t r e n g t h s  of 
quenched and tempered than  o f  normalized smooth and notched specimens. 



E. Macherauch 

quenched ond tempered I 

surface residual stress [Nlmm21 

Fig. 27 Influence of machining residual stresses on the bending fatigue 
strength of differently heat treated smooth (---I and notched (---) 

specimens of an unalloyed steel with 0.45 wt.-% carbon 
(stress concentration factor K = 2.5). 

Experience shows that the beneficial influence of compressive residual stresses 
on fatigue strength increases up to a certain extent with increasing hardness 
of the materials b-&g-fatigued. This observation is due to the fact that only 
in high hardness material states residual _surface stresses are stable with 
respect to the applied fatigue loading. It has been verified that the fatigue 
strength of plain carbon steels with hardness values < 400 HV are unsensitive 
to residual surface stresses of the 1st kind, which relax nearly completely in 
course of fatigue loading. In this particular case, however, residual micro 
stresses enhance the fatigue behaviour. This was undoubtedly demonstrated for 
milled normalized steel specimens [ 5 9 ] .  As can be seen from Fig. 28 annealing 
- which is combined with the reduction of milling-induced micro stresses - 
shifts the position of the Woehler-curves to smaller stress amplitude values 
and reduces the fatigue strength. 

Fig. 28 Woehler-curves of up cut milled specimens of an unalloyed steel 
with 0.45 wt.-% carbon. 1. up cut milled, 2. after an additional 
2h annealing at 500•‹C and furnace cooling, 3. after an,additional 

2h annealing at 700•‹C and furnace cooling. 

It is well established that crack growth encloses a more or less large part of 
the total fatigue life of specimens or structural components [see e-g. 601. 
In constant amplitude tests of precracked specimens crack growth can be related 
to the stress intensity factor ranges 
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A K = K  - 
max Kmin for Kmin > 0 (13) 

and 

for Kmin < 0 

with Kmax and K maximum and minimum stress intensity factor- For much of 
the specxmen li!!inthe crack growth rate can be described by the Paris equation 
C611 

or the foreman equation [621 

with N the number of loading cycles, a the actual crack length, c and c* resp. 
m and m* experimentally determined constants, K the fracture toughness and 
x = Kmio/Kmax the stress intensity ratio resp. :tress ratio. As a consequence 
of the lnhomogeneous plastic deformations accompanying crack growth, any growing 
fatigue crack generates its own residual stress field in front of and behind 
the crack tip. Consequently, also in the case of residual stress free specimens 
crack growth observations, which agree with the Paris resp. Forman relationship, 
include the effects of fatigue induced residual stresses. In the middle part 
of Fig. 29 the distribution of the residual stress component perpendicular to 
the crack plane of an originally residual stress free RCT-specimen after crack 
growth up to a mm is shown [63]. The specimen was cyclically loaded with 
IK 920 N/mm-f/'6(x = 0.05). The appertaining crack growth rate is sketched 
asOa function of the actual crack length in the upper part of the figure. Ten 
overloading cycles with AK " 1610 ~ / m m - ~ / ~  (x = 0.03) change the residual 
stress state near the craci tip in the manner illustrated in the lower part of 
the figure. In front of the crack an extended area with compressive residual 
stresses has been developed which retards the crack growth rate during succeeding 
cyclic loading with AK , as can be seen from the appertaining data presented 
in the upper part of tRe figure. 

Since structural parts mostly contain residual stress fields due to technological 
treatments, it is to be expected that compressive residual stresses retard 
fatigue crack growth, while tensile residual stresses may act accelerating. 
To take quantitatively account of the influence of residual stresses on'fatigue 
crack growth, appropriate values of the residual stress intensity factors KRS 
for the particular crack shapes and crack plane residual stress must be known. 
Then the maximum and minimum loading stress intensities KmaxLS and KminLS 
can be superimposed on KRS as exemplarily illustrated for compressive residual 
stresses and KminLS + KRS > 0 in the upper part and KminLS + KRS 5 0 in the 
lower part of Fig. 30. In the first case mentioned the effective cyclic 
stress intensity range 

is independent of the residual stress intensity KRS, whereas the effective 
stress ratio xeff depends on KRS. Therefore only a weak influence of residual 
stresses on fatigue crack growths is to be expected. However, in the second 
case the effective cyclic stress intensity factor range is given by 
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Fig. 29 Crack growth rate versus crack length of a RCT specimen 
(material: plain carbon steel with 0.22 wt.-% carbon) without (---) 
and with (-1 overloading after reaching a crack length of 16 mm 
(upper part of the figure). At the middle (bottom) of the figure 

distributions of the residual stresses perpendicular to the 
ligament before (after) overloading are sketched. 

which strongly depends on KRS. Consequently, a more pronounced effect of 
residual stresses is anticipated. Actually however, the residual stress intensity 
factors KRS, the effective stress intensity range AKeff as well as the effective 
stress intensity ratios Heff change with crack growth. Therefore, more 
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KL54 loading KRS4 r e ~ d u a l  K , effective 

Fig. 30 Consequences of superposition of loading and residual stresses 
on the effective stress intensities of cracked specimens. 

complicated considerations are necessary. The variation of KRS along the 
expected crack growth direction must be known for appropriate predictions of 
actual crack growth rates. As an examaple Fig. 31 shows schematically crack 
rate curves for edge-cracked specimens with tensile (compressive) residual 
stresses in the outer part and compressive (tensile) residual stresses in the 
middle part subjected to tension-to-tension loading. For comparison also the 
crack rate curve of a residual stress free specimen is drawn, which follows 
Eq. 15. Initial crack growth in the tensile (compressive) part of a residual 
stress field yields a positively (negatively) bent crack growth rate versus AK 
curve, as illustrated by the dashed (dotted) line [64]. Recent investigations 
of the influence of welding residual stresses on the fatigue crack growth in 
a structural steel seem to be in agreement with these considerations 1651. 

Finally, it should be mentioned, that fatigue crack growth can even completely 
be stopped, if suitable residual stress fields are generated in front of an 
extending crack. Figure 32 comprises results of corresponding observations. 
At both sides of a RCT-specimen hardness indentations were produced, as 
illustrated schematically at the right side of the middle part of the figure. 
The specimen thickness was 3 mm. Position and schematical contour of the 
hardness indentation are noted. At the left side of the middle part of the 
figure the crack growth rate is drawn versus crack length, if the specimen is 
cyclically tension-to-tension loaded with Aa = 21 ~/mm'. At first, an increase 
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Fig. 31 Crack rate curves (lg da/dN, lg AK-curves) of residual stress 
free cracked specimens @I = 0) and residually stressed cracked specimens 

with initial crack growth in tensile resp. compressive residual 
stress fields. 

of crack growth rate is observed with increasing crack length. However, if 
the crack tip reaches the compressive residual stress field the crack growth 
rate drops off and finally goes to zero at a crack length of about 18.3 mm. 
Then, the residual stress distribution sketched in the lower part of the figure 
has been developed. 

CONCLUDING NOTES 

This introductory paper is meant as an attempt to give a feeling for the actual 
state of knowledge in the broad field of residual stresses. Of course, thereby 
not all areas could be mentioned which are of scientific and/or technological 
interest. Nevertheless it was tried to sketch the complexity and breadth of 
this fascinating field and to indicate some recent successes and evolutions. 
The frequent reference to own investigations in this paper should be seen as a 
decision of convenience- This was done with full respect to the work of all 
colleagues having contributed to the present state of knowledge about residual 
stresses. 

However, in spite of the progresses and developments achieved in recent years, 
there still exists a large number of unsolved problems of scientific and 
technological importance which should be solved by future theoretical and/or 
experimental contributions. The following chapters of this handbook, which 
present up to date and detailed informations about selected parts of the sector 
of residual stresses, should desirably stimulate scientists and engineers to 
do further successful work in this field. 
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Fig. 32 Fatigue crack extension in residual stress fields produced at 
RCT-specimens by hardness indentations. 
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