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INTRODUCTION 

S h o t  Paen ing  i s  a m e t h o d  o f  c o l d  w o r k i n g  i n  w h i c h  
compress ive stresses are induced i n  t he  exposed surface 
layers o f  metal l ic par ts  b y  t h e  impingement  o f  a st ream o f  
shots  d i rected a t  t he  meta l  sur face at  h igh ve loc i t y  under 
cont ro l led  condi t ions.  The shot  peening can be appl ied t o  
var ious mater ia ls and their  we ldment  l ike steels cast  steels, 
cast  i ron,  Cu  alloys, A l  al loys. Ti  al loys and some plast ics.  
The  ma jo r  app l ica t ions are re la ted t o  imp rovemen t  and 
restorat ion o f  fa t igue l i fe and rel iabi l i ty of  machine elements 
b y  inc reas ing  t he i r  f a t i gue  s t reng th ,  s t r a i gh ten ing  and 
forming o f  machine elements(meta1 parts),  pretreatment prior 
t o  p lat ing,  pre t reatment  for  componen ts  t o  be metal l ized or 
coated w i t h  plast ics, enhancement o f  resistance t o  stress 
cor ros ion cracking and corrosion fa t igue e tc .  In  t he  rev iew 
presented,  the  role o f  shot  peening o n  t he  service l i fe  o f  
engineer ing components  and mater ia ls subjected t o  cycl ic  
l oad ing  a n d  a lso t o  aggress ive  e n v i r o n m e n t  has  been  
discussed. 

SHOT PEENING PARAMETERS 

The ou t come  o f  shot  peening is the  resu l t  o f  in terac t ion 
be tween  t w o  sets o f  parameters namely ( i )  t h e  sho t  peening 
paramete rs  and (ii) t h e  mate r ia l  parameters .  These are  
out l ined be low  : 



Shot peening parameters 

t h e  sho t  speed 

t h e  dimensions,  shape, nature and hardness o f  t he  shot  

@ t h e  pro jec t ion angle 

0 t h e  exposure t ime  t o  the  sho t  peening 

surface coverage 
Peening 1 repeening cyc le  

A n  impor tan t  fac tor  in  peening operat ion is k n o w n  as the  
"peening i n t ens i t y "  w h i c h  i s  governed b y  t h e  ve loc i t y ,  
hardness, size and w i d t h  o f  t h e  shot  pel lets and-the angle 
o f  pro jec t ion against t he  surface o f  t he  workp iece.  Peening 
intensi ty  decreases w i t h  decreasing velocity, decreasing shot 
size and decreasing angle o f  impingeme'nt ( be l ow  90°). 

Material parameters 

These inc lude microst ruc ture ,  hardness, sur face cond i t ion  
and hardening character is t ics o f  the  mater ia l .  The resul t  of  
thei r  in terac t ion w i t h  t h e  sho t  peening parameters is: 

0 generat ion o f  res idua l  stresses 

0 stra in hardening of  t he  surface and sub-surface layers 

0 changes i n  micros t ruc ture  and subst ruc ture  o f  mater ia l  

0 change i n  surface cond i t ions 

The  bene f i c i a l  e f f e c t  o f  s h o t  peen ing  depends  o n  the 
fo l l ow ing  e f fec ts :  

8 nature  o f  d is t r ibu t ion o f  induced residual stress 

0 level o f  max imum compressive residual st ress(CRS) 

0 locat ion o f  t he  maximum CRS 

0 dep th  o f  p last ical ly  deformed layer 

hness caused  by shot  

f resid~nal stre 



SOME C O M M O N  EFFECTS OF SHOT PEENING 

Surface I Subsurface deformation 
W h e n  ind iv idua l  par t i c les  i n  a h i g h  ve loc i t y  s t r e a m  c o n t a c t  
a m e t a l  sur face,  t h e y  p roduce  s l igh t  rounded  depress ions  i n  
t h e  sur face,  s t re t ch ing  i t  and caus ing  p last ic  f low o f  sur face 
m e t a l  a t  t h e  i n s t a n t  o f  con tac t .The  e f f e c t  usua l ly  ex tends  
t o  abou t  0 . 1 2 - 0 . 2 5 m m  b e l o w  t h e  surface. The me ta l  beneath 
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Fig.1. Ef fect  of Ma-terial Hardness, Shot Dia, Almen 
Intensity on Work Hardening Depth. 



th is  layer is no t  plastically deformed. In t he  stress distr ibut ion 
t h a t  r e s u l t s ,  t h e  s u r f a c e  m e t a l  h a s  i n d u c e  r e s i d u a l  
compress ive  s t ress  paral le l  t o  t h e  surface,  w h i l e  me ta l  
beneath  has react ion induced tensi le st ress.  The  surface 
compressive stress may  be several t imes  greater  t han  t he  
subsur face  t e n s i l e  s t r e s s [ l ] .  T h e  d e p t h  o f  p l a s t i c a l l y  
de fo rmed layer is  inf luenced by :  

t h e  nature  o f  mater ia l  shot  peened 

t h e  pro jec t ion ve loc i ty  

sho t  size 

hardness o f  mater ia l  

The  dep th  o f  de fo rmed  layer decreases w i t h  increasing 
hardness o f  t h e  mater ia l  t reated.  A lso t h e  dep th  increases 
w i t h  increasing pro jec t ion ve loc i ty  (i.e. t he  A lmen in tens i ty )  
(Fig.  I a).  The increasing diameter o f  t h e  shot  increases the  
w o r k  hardened dep th  and t he  e f fec t  saturates a t  a l imi t ing  
diameter (Fig. I b ) .  Furthermore, t he  w o r k  hardened dep th  
increases more  rapid ly w i t h  a progressive reduct ion i n  t he  
hardness o f  t h e  mater ia l  sho t  peened (Fig.1 c ) [ 2 ] .  

Surface Finish 
Shot peening m a y  also be used t o  enhance t he  surface f in ish 
o f  a componen t .  It is k n o w n  t ha t  t he  sur face f in ish  has 
cons ide rab le  e f f e c t  o n  f a t i g u e  s t r e n g t h  a n d  co r ros i on  
crack ing resistance o f  al loys. To improve t he  sur face f in ish 
a double sho t  peening operat ion may  be required i n  wh i ch  a 
heavy sho t  peening operat ion is  fo l l owed  b y  a micro-bal l  
s h o t  peen ing  opera t ion .  Some t imes  t h e  su r face  i's also 
subjected t o  chemical  or electrochemical pol ishing after shot  
peening t o  improve the surface f inish. The surface roughness 
inc reases  w i t h  inc rease  i n  A l m e n  i n t e n s i t y  caused  by  
increasing veloci ty(Fig.2a).  Also a greater increase in  surface 
roughness is no t i ced  i n  t h e  mater ia l  w i t h  l owe r  hardness 
level. The e f fec t  o f  shot  size on  surface roughness, however,  
is n o t  ve ry  clear. For any g iven mater ia l  hardness, there is 
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Fig.2. Effect of ( a )  Projection Velocity 9 b )  Shot dia, 
on the surface finish 

an o p t i m u m  bal l  d iamete r (sho t  size) t h a t  represents  t h e  bes t  
su r face  f in ish  ob ta inab le(F ig ,2b) [3 ] .  

Residual Stress Distribution 

W i t h  increas ing  p ro jec t i on  ve loc i t y  ( i .e.  A l m e n  in tens i t y ) ,  
t h e  res idual  s t ress grad ien t  decreases. T h e  hardness  o f  sho t  
peened mater ia l  a lso a f f e c t s  t h e  res idual  s t ress  d i s t r i bu t i on .  
I n  a mater ia l  w i t h  l o w e r  hardness, t h e  m a x i m u m  compress ive  
res idua l  s t ress  i nc reases  w i t h  p r o j e c t i o n  v e l o c i t y  m o r e  
s ign i f i can t ly  t h a n  t h e  ma te r ia l  w i t h  h i g h  hardness  as s h o w n  
i n  F ig.1 c . [ 2 ] .  

T h e  e f f e c t  o f  s h o t  size o n  res idual  s t ress  d i s t r i bu t i on  is  
s imi lar  as t h a t  o f  t h e  p ro jec t i on  ve loc i t y .  A l so  t h e  m a x i m u m  
stress increases w i t h  increasing hardness o f  t h e  sho t  mater ia l  
and  stabi l izes a t  a ce r ta in  leve l  o f  s h o t  hardness  as s h o w n  
i n  Fig.1 b , [2 ] .  
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Fig.3.  Stress relaxation after shot peening due to 
(a )  fatigue cycling (b )  tempering 

T h e  res idual  s t ress  leve l  decreases as w e l l  as t h e  va lue  o f  
m a x i m u m  r e s i d u a l  s t r e s s  r e d u c e s  a f t e r  f a t i g u e  
cyc l ing(F ig .3a) , [4 ] .  Simi lar ly,  w h e n  a shot  peened componen t  
i s  sub jec ted  t o  temper ing  the re  is a decrease i n  t h e  leve l  o f  
compressive residual stress. However  the  depth  o f  plast ic ized 
me ta l  remains  unchanged a f te r  s t ress reI ieving(Fig.3b),  [4,5] .  

SHOT PEENING AND DEFORMATION CHARACTERISTICS 
T h e  na tu re  o f  d e f o r m a t i o n  du r ing  s h o t  peen ing  is s o m e w h a t  
s imi la r  as t h e  d e f o r m a t i o n  du r ing  cyc l i c  s t ra in ing ( fa t i gue  
c y c l i n g ) .  Du r ing  t h e  cyc l i c  s t ra in ing  o f  s o f t  mater ia ls ,  t h e  
subgra in  size is decreased w i t h  increase i n  s t r a i n i n g [ 6 ] .  
La t t i ce  d i s to r t i on  and  d i s loca t i on  dens i t y  is increased and  
t h u s  ' cyc l i c  harden ing '  occu rs .  However ,  f o r  hardened (o r  
c o l d  w o r k e d )  mater ia ls ,  du r ing  cyc l i c  s t ra in ing  t h e  excess  
d i s loca t i ons  are annih i la ted,  t h e  g r o w t h  o f  subgra in  occu rs  
and  decrease o f  l a t t i ce  d i s t o r t i o n  and d is loca t ion  dens i t y  
takes  place. Consequent ly ,  cyc l i c  so f ten ing  is developed. The 
na tu re  o f  p las t ic  d e f o r m a t i o n  i n  case o f  s h o t  peen ing  has  
t w o  i m p o r t a n t  d i f f e r e n c e s  w i t h  r e s p e c t  t o  t h e  c y c l i c  
d e f o r m a t i o n .  These are as f o l l o w s :  



( i )  In- case of  ha rd  mater ia ls ,  t h e  "cyc l i c  so f ten ing '  i s  f u r the r  
f o l l o w e d  b y  "cyc l i c  reharden ing"  a t  a la ter  s tage  o f  s h o t  
peening.  T h i s  resu l ts  in a "hardened" layer a t  t h e  su r face  
a n d  "so f tened"  layer  benea th  t h e  sur face.  T h e  hardened 
su r face  layer  he lps  t o  i m p r o v e  t h e  f a t i g u e  l i f e  w h e n  
comb ined  w i t h  res idual  compress i ve  s t ress .  

( i i )  I n  case o f  t h e  s o f t  mater ia ls ,  (annealed steels ,  A l -a l loys ,  
s ta in less steels) ,  t h e  p las t ic  de fo rma t ion  d u e  t o  cyc l i c  
l oad ing  is i nhomogeneous  i n  na tu re  and c a n  p r o d u c e  
microcracks .  O n  t h e  o ther  hand,  t h e  sl ippage du r ing  s h o t  
peen ing  is o f  homogeneous  t y p e  i n  t h e  su r face  layer  and  
t h u s  p r o m o t e s  ha rden ing  w i t h o u t  t e n d e n c y  f o r  c r a c k  
nuc lea t ion .  

SHOT PEENING A N D  MICROSTRUCTURAL CHANGES 

T h e  d e f o r m a t i o n  p r o d u c e d  b y  s h o t  peen ing  m a y  b r i n g  a 
f a v o u r a b l e  o r  u n f a v o u r a b l e  p h a s e  t r a n s f o r m a t i o n .  T h e  
resu l t i ng  m ic ros t ruc tu re  m a y  improve  t h e  desi red proper t ies  
or  c a u s e  d e t e r i o r a t i o n .  A f e w  e x a m p l e s  f r o m  d i f f e r e n t  
mater ia ls  are d iscussed b e l o w .  

Effect of Shot Peening on a Carbonitrided case 

T h e  carbon i t r ided case o f  t y p i c a l  l o w  a l loy s teel  (e.g.  1 6 M n  
C r l  ) con ta ins  subs tan t i a l  p ropo r t i on  o f  re ta ined aus ten i te  
( 5 0 % )  a f te r  t h e  t r e a t m e n t  bes ides  t h e  m a r t e n s i t e ,  W i t h  
increasing durat ion o f  sho t  peening o f  t he  case, t h e  austeni te 
i s  conve r ted  i n t o  rna r tens i te (M)  and compress i ve  res idual  
s t r e s s e s  are g e n e r a t e d  d u e  t o  t h i s  t r a n s f o r m a t i o n .  T h e  
hardness  o f  t h e  case increases due  t o  M f o r m a t i o n  as w e l l  
as d u e  t o  w o r k  harden ing  o f  aus ten i te  and mar tens i te .  T h e  
su r face  roughness  is  also f o u n d  t o  decrease f r o m  7 t o  3 p m .  
A l l  t h e s e  f a c t o r s  lead t o  subs tan t i a l  i m p r o v e m e n t  i n  t h e  
f a t i g u e  l i f e  o f  t h e  case.  

Effect of Shot Peening in a Carburized Case and in an 
Austenitic stainless steel. 

I n  a carbur ized s tee l  ( 4 3 2 0  steel ) ,  s o m e  o f  t h e  re ta ined 
aus ten i te  is c o n v e r t e d  t o  mar tens i te  b y  s h o t  peen ing  and  
i n t roduces  a compress i ve  res idual  s t ress.  This  increases t h e  
fa t igue s t rength  as described earlier. In  an austeni t ic  stainless 
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carburized and shot peened-carburized steel. 

steel, o n  t he  other hand, t h e  shot  peening br ings A -+ M 
t r a n s f o r m a t i o n  r e s u l t i n g  i n  t w o  phase  s t r u c t u r e .  Th i s  
decreases t he  corrosion resistance. Improvement  i n  fa t igue 
and corrosion fa t igue propert ies due t o  shot  peening canbe 
expected when  re lat ively l o w  cyc l ic  stresses are involved.  
A t  h igh  cycl ic  stresses, t he  compressive residual stresses 
are r emove  due  t o  s t ra in  induced  re l ie f (accentuated b y  
heat ing o f  spec imen)  and tensi le stresses are generated 
w h i c h  is undesirable(Fig.4) , [7] .  

SHOT PEENING AND FATIGUE LIFE 

The Surface characteristics 
The nuc leat ion o f  fa t igue  crack general ly occurs  a t  t h e  
su r face  because t h i s  i s  t h e  layer exper ienc ing g rea tes t  
stresses o w i n g  t o  presence o f  micro-notches, surface f laws,  
changed phys ica l  and chemica l  propert ies e tc .  The sho t  
peen ing can  in f luence t h e  sur face character is t ics i n  t h e  
fo l l ow ing  manner:  



Work hardening of the surface layer: The mic ro  hardness o f  
su r f ace  inc reases  w i t h  peen ing  i n t e n s i t y  d u e  t o  w o r k  
hardening.  For an op t imum dep th  o f  hardened layer, t h e  
in i t ia t ion  o f  fat igue crack over t h e  surface c a n  be delayed or 
prevented. 

S t a t e  o f  i n t e r n a l  s t r e s s :  I n  c a s e  o f  h a r d e n e d  
componen ts , (n i t r i ded ,  carbur ized),  t h e  changeover  f r o m  
compress ive t o  tensi le stress f ie ld is  rather steep.  A fa t igue 
crack is  in i t ia ted just  be low t he  hardened layer. O n  t h e  other 
hand, t h e  stress gradient is m u c h  less steep i n  a shot  peened 
case causing a steady change in  mechanical propert ies w i th in  
t h e  cross sect ion and reduced stress concent ra t ion a t  t he  
interface. 

Fatigue l i fe  depends o n  t he  pos i t ion  and magn i tude  o f  t he  
m a x i m u m  compress ive  s t ress  and t h e  t h i c kness  o f  t h e  
compress i ve  layer .  The  s tud ies  i n  a h i g h  s t r e n g t h  A l -  
a l l o y ( 7 0 7 5 - T 6 )  i n d i c a t e d  t h a t  i f  t h e  s u r f a c e  a n d  t h e  
max imum compressive stress is o f  higher level, located near 
t h e  spec imen surface and possesses a t h i c k  (compressive 
stress) layer, a crack ini t iated a t  t he  surface propagates very 
s l o w l y  t h r o u g h  t h i s  reg ion.  O n  t h e  o t h e r  hand,  i f  t h e  
m a x i m u m  compress ive  s t ress  i s  o f  smal ler  magn i tude ,  
located far  be low t h e  surface i n  a re lat ively t h i n  layer, t he  
crack propagat ion ra te  increases. 

Structural changes of material: Conversion o f  austeni te t o  
mar tens i te  and carbide dispersion caused b y  sho t  peening 
i n  sur face layer is  benef ic ia l  t o  fa t igue l i fe. 

State  of surfaces: Peening may  favourably mod i f y  the surface 
roughness,  anisotropic s t ruc ture  may  change and radi i  o f  
micronotches may  be increased. 

Yield Strength vls Fatigue Life of Materials 

This  fa t igue  in i t ia t ion  l i fe  can be enhanced b y  increasing 
t h e  a l lowable  stra in ( by  using h igh  s t reng th  mater ia ls)  or b y  
decreasing the  stra in due t o  external  loads i n  t h e  cr i t ica l  



section. The f i rs t  opt ion leads t o  reduced f racture toughness, 
K,c and increased crack propagat ion rate.  The  second opt ion 
can  b e  fu l f i l l ed  b y  design imp rovemen t  (avo id ing  stress 
concen t ra t i on  e tc . ) ,  decreas ing s t ra in  amp l i t ude  and b y  
generat ing compress ive stresses ( th rough  sho t  peening).  
Shot  peening, i n  th i s  respect, is  preferred t o  the rma l  means 
f o r  generat ing residual stresses. 

The higher y ie ld s t rength  mater ia l  is found  t o  respond bet ter  
t o  sho t  peening for  improvement  i n  fa t igue  in i t ia t ion  l i fe  
especial ly f o r  h igh cyc le  fa t igue s i tuat ion.  Th is  is because a 
h i g h  r es i dua l  s t r ess  leve l  c a n  be  m a i n t a i n e d  i n  t hese  
m a t e r i a l s .  Bes ides ,  h i g h e r  v a l u e  o f  s t r a i n  h a r d e n i n g  
exponen t (n )  appears t o  have a favourable e f f ec t  as fo l l ows :  

Where Ni  is  t h e  fa t igue in i t ia t ion  l i fe  and A, B, a and b are 
constants depending on  experimental and material  condit ions 
l ike y ie ld  s t rength ,  sur face roughness e tc .  In l o w  s t rength  
materials, t h e  residual compressive stresses may  ge t  relaxed 
w h e n  t h e  mater ia l  yields i n  h igh ly  loaded zone (i.e, no tch )  
w h i c h  is  especial ly t rue  i n  random loading cyc le .  Therefore, 
t h e  m a x i m u m  g a i n  m a y  b e  a c h i e v e d  f r o m  r e s i d u a l  
compress ive stresses in  t he  h igh cyc le  region o f  S-N curve 
o f  a h igh  s t reng th  mater ia l  and m in imum gain i n  case of  l o w  
s t reng th  mater ia l  i n  f in i te  l i fe  region o f  S-N curve.  

A compar ison o f  th ree mater ia ls i.e. Al -a l loy ( 5 0 0  M p a  yield 
s t rength) ,  T i  al loy ( 1  1 5 0  MPa) and marag ing steel  ( 2 1  5 0  
MPa) w h e n  subjected t o  equivalent stress level (omax applied1 
tensi le s t r eng th  = 0 .9 ) ,  showed  t ha t  fo r  o p t i m u m  peening 
intensi ty ,  t h e  max imum fa t igue l i fe improvement  fac tor  was  
greater t h a n  10 for  t h e  last  t w o  alloys, whereas it w a s  only 
2 . 5  i n  case o f  Al-al loy. This is  explained by presence of  
large and stable residual compressive stresses i n  T i  a l loy 
and marag ing steel as compared t o  a rapid ly re laxing one in 



Al-all-oy. The h igh compressive residual st ress m a y  enhance 
t h e  crack propagat ion l i fe  b y  decreasing t he  e f fec t i ve  stress 
in tens i ty  range. 

Optimization of Peening Parameters for RepairfFatigue Life 
Extension: 

A l l  p e e n i n g  t r e a t m e n t s  i m p r o v e  t h e  f a t i g u e  l i f e  o f  
components ,  bu t  w h e n  rewo rk  (repeening) on  a damaged 
componen t  is  t o  be done fo r  l i fe  extension, op t im iz ing  o f  
t h e  peening parameters is  a mus t .  Poor con t ro l  o f  peening 
procedure,  or unnecessary  'overpeening can  resu l t  i n  a 
re lat ively poor fa t igue l i fe [8 ] .  

Overpeening may  resul t  i n  in t roduct ion o f  sur face damage 
i n  t he  f o r m  of  laps / fo lds  due t o  impact  ex t rus ion o f  t he  
mate r ia l  paral le l  t o  su r face .  There m a y  be  an  apparen t  
improvement  in  t he  surface f in ish  of  a repeened component ,  
b u t  reduct ion in fat igue l i fe may  occur due t o  surface defects  
originat ing f rom the  preceding peening i.e. deeper laps / fo lds 
be ing hammered deeper[9] .  

In  general l ighter  peening media  l ike hard plast ics,  g lass  or 
c e r a m i c  beads,  m a y  d r a m a t i c a l l y  i m p r o v e  t h e  f a t i g u e  
per formance as compared t o  steel shots and thereby reduce 
t h e  scat ter .  Especially i n  t h e  case o f  a luminium al loys, steel 
s h o t  p e e n i n g  c a n  b e  q u i t e  d e t r i m e n t a l  t o  t h e  f a t i g u e  
per formance and needs opt imiz ing and mon i to r ing  o f  t he  
s h o t  p e e n i n g  p a r a m e t e r s  d u e  t o  r e l a t i v e  s o f t n e s s .  
U n c o n t r o l l e d  p e e n i n g h e p e e n i n g  m a y  i n t r o d u c e  su r f ace  
damage, wh i ch  can promote fa t igue c rack ing [ l  0, l  I ] .  

The max imum improvement in  the fat igue l i fe can be achieved 
t h r o u g h  a r e w o r k  p rocess  i nvo l v i ng  remova l  o f  or ig ina l  
peening b y  pol ishing, f o l l owed  b y  inspect ion fo r  c racks and 

t h e n  repeening w i t h  ceramic beads. 



Prediction of Fatigue Crack Propagation Life in Shot Peened 
Components 

Mechanism 
A s y n e r g y  e x i s t s  b e t w e e n  f a t i g u e  l i f e  ( i n i t i a t i o n  / 

propagat ion) ,  c rack  c losure and degree o f  s h o t  peen ing 
[ I  2,131. Sho t  peening, w h e n  conducted along t h e  leng th  o f  
a c rack o f  th rough  th ickness conf igura t ion produces plast ic  
deformat ion o n  t h e  f ree side surfaces o f  t h e  crack,  resul t ing 
i n  severe compress ion o n  t h e  crack wake.  Such  changes 
induced i n  t h e  crack wake  according t o  Zhu  e t  al. [14], 
enhance t h e  crack c losure e f f ec t  i n  t h e  w a k e  and reduce 
t h e  crack g r o w t h  rate.  

crack length ratio a N\I 

Fig.5a. Crack opening 1 closure Fig.5 b. Crack growth rate 
levels at different peening behaviour of specimen peened at 

different locations locations. 

Acco rd i ng  t o  t h e  observa t ions  o f  these  inves t iga to rs  i f  
peening is done ahead o f  t h e  crack t i p  i n  a CT specimen, 
t he  w a k e  remains unal tered as a resul t  there  is  n o  increase 
in the crack c losure e f fec t ,  consequent ly  reduct ion i n  crack 



g r o w t h  rate is no t  s igni f icant .  On  t he  other hand peening 
o v e r  whole o f  t h e  ex is t ing  c rack  resu l t s  i n  t h e  p las t i c  
deformat ion and wo rk  hardening o f  t h e  crack edge material ,  
w h i c h  i n  tu rn  resul ts  i n  large inter ference zone i n  t he  crack 
wake(Fig.5a1b) [ I  41. This suggests t ha t  crack closure plays 
a major  role in  inducing fa t igue crack retardat ion.  

In a fur ther observation, crack g r o w t h  rate w a s  found  t o  
reduce markedly when  t he  specimen is shot  peened under 
load (Fig.Ga,b). This is because o f  t he  benef ic ia l  increase i n  
plast ic deformat ion along the  f ree side surfaces of  the  crack, 
w h i c h  enhanced t he  crack c losure and in  t u rn  reduced t he  
e f fec t i ve  stress in tens i ty  fac tor  range 'AKeffl dur ing fa t igue 
cycles. 

Fig.6  a .  Crack opening levels at Fig.6 b. Crack growth rate 
various peening conditions behaviour of specimen for 
different peening conditions Life prediction 

Life prediction 

The Pal is  equat ion descr ibes t h e  s tage II  c rack g r o w t h  
behaviour dur ing fa t igue in  metal l ic  materials, and can be 
used fo r  evaluation o f  crack propagat ion l i fe.  

da / d N  = C(AK)" 



Where 'da 1 dNr  is the  crack g r o w t h  rate.  'AK' is t h e  range 
of  st ress in tens i ty  fac tor  (AK = KmaX - Kmi,) and C and n are 
the  Paris constants .  

Since t h e  establ ishment o f  t he  concept  o f  crack c losure b y  
E lber [ l  51, there  is a common ly  accepted mod i f i ca t ion  in the 
Paris l a w  i .e. us ing AKeff i n  place o f  AK. 

I t  appears t o  be ceha in  t ha t  t h e  changing behaviour o f  the  
crack g r o w t h  rate i n  the  peened componen ts  i s  due t o  t he  
higher c rack opening levels, resul t ing i n  lower  AKef f ,  where 
AKef, is expressed as, 

Kop being t he  crack opening stress in tens i ty  fac tor  af ter  shot  
peening. This resul ts  i n  a lower  crack g r o w t h  ra te  af ter  shot  
peening ' (da 1 dN)pr  and a mod i f i ed  Paris l a w  (da / dN& = 

C(AKeffIfl 

I t  is repor ted t ha t  the  max imum closure phenomenon w i t h  
higher opening levels (Fig.Ga), occurs  i n  t he  region o f  a/W 
= 0 . 3 4  - 0 . 38 ,  where a and W are t h e  crack depth  specimen 
w i d t h  respectively. The extra constra int  on t he  crack surface 
decays l inearly w i t h  fur ther crack advance. A similar decay 
is repor ted w i t h  t he  increasing number  o f  c yc l es [ l 6 , 17 ] .  
This can  be a t t r ibu ted t o  st ress red is t r ibu t ion i n  t he  crack 
wake  a f ter  shot  peening. 

Zhu e t . a l . [ l 4 ]  have  also reported a s igni f icant  increase i n  
the  reinit iat ion l i fe Ni(cycles for  crack g r o w t h  o f  0 . 1  m m  f rom 
a value o f  a /W = 0.3) w h e n  peened a t  intensi t ies above 1 5  
o f  A lmen scale(Fig.7) .  There is a surface hardening and thus  
an increase i n  t he  opening load ) Pop resul t ing i n  a delayed 
c r a c k  i n i t i a t i o n .  A q u a d r a t i c  r e l a t i o n s h i p  h a s  b e e n  
proposed(Fig.8)  as fo l l ows .  

Where A,, A, and A, are mater ia l  cons tan ts  and can be 
exper imental ly  determined.  
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The plast ic  deformat ion behaviour o f  precip i tate hardenable 
a l loys m a y  d i f fe r  microscop ica l ly  even i f  t h e  amoun t  o f  
macroscop ic  p last ic  deformat ion is  equal. I n  prec ip i ta t ion 
hardenable Fe-Ni-Cr-Ti alloys, the inhomogeneous distr ibut ion 
o f  p las t i c  de fo rma t i on  i s  favoured  b y  sma l l  p rec ip i ta te  
pa r t i c les (wh ich  can be easily c u t  / sheared b y  dis locat ions 
needing lower  st ress fo r  subsequent d is locat ion mot ion) ,  
l o w  stacking faul t  energy and large grain size. W i t h  increasing 
inhomogenei ty  o f  slip, t h e  decreasing number  o f  fa t igue 
cycles are needed fo r  crack nucleat ion a t  t he  h igh  sl ip step.  
Larger  p rec i p i t a t es ,  o n  t h e  o t h e r  hand ,  c o n t r i b u t e  t o  
homogeneous sl ip as t h e  dis locat ions have t o  by-pass t h e m  
and lead t o  enhanced crack in i t ia t ion  l i fe.  

Ano ther  in teres t ing aspect  i n  th is  al loy is  t h a t  t h e  same 
m i c r o s t r u c t u r a l  c o n d i t i o n s ,  w h i c h  f a v o u r  ea r l y  c r a c k  
format ion,  lead t o  a l o w  crack propagat ion ra te  and v ice 
versa. The op t imum fa t igue l i fe  can therefore, be obtained 
b y  enhancing t h e  in i t ia t ion  l i fe  th rough  a homogeneous sl ip 
d i s t r i b u t i o n  a n d  i m p r o " i n g  t h e  p r o p a g a t i o n  l i f e  b y  
inhomogeneous ly  de fo rm ing  m i c ros t r uc tu re .  B o t h  these  
e f fec ts  canbe combined b y  shot  peening o f  an underaged 
a l l o y ,  w h i c h  p o s s e s s e s  i n h o m o g e n e o u s l y  d e f o r m i n g  
microstructure.  

By sho t  peening, large number o f  sessile d is locat ions are 
generated i n  t h e  plast ical ly  deformed layer. The pi led up  
dis locat ions have t o  in terac t  w i t h  t he  sessile d is locat ions i n  
the deformed zone so tha t  no sharp slip steps can be formed. 
This e f fec t  leads t o  a very  homogeneously deforming surface 
zone and therefore,  t o  a retardat ion o f  crack in i t ia t ion.  I f  a 
crack is  in i t ia ted,  i t  g r o w s  s low ly  th rough  t he  compressive 
s t ress  zone p resen t  i n  t h e  subsur face  reg ion.  A l so  t h e  
subsequen t  c rack  p ropaga t ion  i n  t he  m a t r i x  mate r ia l  is  
retarded due t o  t h e  revers ib i l i ty  o f  sl ip a t  t h e  crack t ip .  

SHOT PEENING AND CORROSION FATIGUE RESISTANCE 

Corrosion fa t igue (CF)  l i fe  can be enhanced under p i t t i ng  



cond i t i on  as because p i t  i n i t i a t i on  and p ropaga t i on  are 
re ta rded  b y  compres'sive res idua l  s t resses and the reby  
microcrack g r o w t h  i s  l o w e r e d [ l 8 ] .  Under passive cor ros ion 
cond i t i on ,  t h e  bene f i c ia l  e f f e c t  o f  sho t  peen ing  c a n  be  
expla ined b y  'passive f i lm  rupture  model ' .  I n  an unpeened 
state, slip steps produced b y  cycl ic  deformat ion m a y  rupture  
t h e  passive layer o n  t h e  meta l  sur face.  Dur ing t h e  f o l l ow ing  
rep8ss i va t i on  a c e r t a i n  a m o u n t  o f  m e t a l  i s  d i s so l ved .  
Repeti t ion o f  th is f i lm  rupture-repassivat ion mechanism leads 
t o  a small  notch along t he  slip band, wh i ch  leads t o  corrosion 
fa t igue  at tack.  I n  t h e  peened state, t h e  cyc l ic  de fo rmat ion  
of  bu lk  mater ia l  has t o  react  w i t h  t he  deformed sur face 
mater ia l .  This in terac t ion leads t o  a f iner  sl ip distr ibu.t ion 
and decreases t h e  successive sl ip s tep height .  The resu l t  is 
t h a t  m u c h  higher bu lk  de fo rmat ion  (or  h igher st ress)  are 
required t o  produce slip steps t ha t  are h igh enough t o  rupture 
t h e  passive layer and cause cor ros ion fa t igue c r a c k i n g [ l 9 ] .  

T h e  co r ros i on  f a t i g u e  res i s t ance  c a n  b e  enhanced  b y  
choos ing an environment,  w h i c h  is n o t  so aggressive, b y  
m in im i z i ng  t he  loca l ized a t t a c k  and b y  us i ng  p r o t e c t i v  
coat ing.  For example, t h e  cor ros ion fa t igue resistance o f  
h ighly alloyed stainless steel in a less aggressive environment 
canbe markedly improved b y  shot  peening whereas a 12%Cr  
t u rb i ne  b lade mate r ia l  deve lops  p i t s  i n  oxygena ted  h o t  
chlor ide solut ion and sho t  peening does n o t  improve t h e  CF 
resistance t o  any s ign i f icant  ex ten t .  

CONCLUDING REMARKS 

i .  The various parameters related t o  shot  peening have been 
ident i f ied  and their  i n te rac t ion  w i t h  mater ia l  parameters 
discussed. 

i i .  The  plast ic  de fo rmat ion  induced due t o  sho t  peening is  
benef ic ia l  fo r  b o t h  t h e  hard  as we l l  as s o f t  mater ia ls.  In 
t h e  former  case, it develops a hard zone at  t h e  sur face 
a n d  s o m e w h a t  s o f t e n e d  layer  benea th  t h e  su r face ,  
whereas i n  la t ter  case it produces homogeneous t y p e  o f  
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de fo rmat ion  p romot ing  hardening w i t h o u t  tendency  fo r  
c rack nucleat ion.  
The fat igue l i fe o f  bo th  the  high and l o w  s t rength  material  
canbe improved i n  t h e  h igh and l o w  cyc le  fa t igue  region 
o f  t h e  S-N curve  respect ively by sho t  peening. 
The  fa t igue l i fe  can be enhanced due t o  sho t  peening 
t h r o u g h  t h e  inc rease  i n  su r f ace  h a r d n e s s ( b y  s t r a i n  
hardening), b y  micros t ruc tura l  change, b y  improvement  
o f  sur face cond i t ion  and b y  an op t imum d is t r ibu t ion o f  
residual stresses i n  t h e  sur face / subsurface layers. 
The fat igue crack propagation l i fe appears t o  be improved 
b y  sho t  peening main ly  due t o  closure e f f ec t  induced i n  
t h e  wake  region o f  a crack.  However ,  th i s  needs fur ther  
invest igat ion.  
The  CF resistance is  improved  b y  shot  peening due t o  
t h e  re tardat ion o f  p i t  in i t ia t ion  and i t s  propagat ion b y  
compressive residual stresses generated dur ing peening. 
I n  case o f  passive f i l m  rupture  mechanism t h e  sever i ty  
o f  CF is  reduced b y  fo rmat ion  o f  f iner sl ip steps.  
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