
Understanding the Beneficial Effects 

of Shot  Peening 

PAUL H. BLACK 

THE high level of performance of the jet plane and the 
modern automobile would be impossible without bene- 
f icial  residual  s t r e s ses .  Such s t r e s s e s  could be used 
to a much grea ter  extent in the manufacture of indus- 
t r i a l  and domestic machinery, leading to savings in 
weight and greater  serviceability along with lowering 
over -all cost. 

This  discussion i s  directed toward a physical under-  
standing of shot peening, a commonly used method for 
inducing beneficial residual  s t r e s ses .  Mechanical pa r t s  
of ductile mater ia l  (such a s  low-carbon steel)  which 
a r e  subjected to stat ic loads in service  usually fai l  
by slow yielding along regions of maximum shearing 
s t r e s s .  Moderate s t r e s s  concentrations a r e  not 
ser ious  because such concentrations a r e  relieved by 
localized yielding of the adjacent material .  In repeated 
loading, however, both ductile and bri t t le  mater ia ls  
f a i l  by sudden f rac ture  (without plastic flow) in regions 
of maximum tensile s t r e s s .  The s t r e s s  a t  f rac ture  in 
repeated loads,  termed the endurance l imit ,  i s  consi- 
derably l e s s  than the stat ic tensile s t r e s s .  If s t r e s s  
concentration exis ts ,  progressive f rac ture  may lead 
to ea r l i e r  failure1 due to the inherent weakness of s u r  - 
face material .  

A layer of residual  compressive s t r e s s  on the s u r -  
face  of a ductile mater ia l  will greatly increase i t s  
fatigue strength.  This  layer ,  which need be only a few 
thousandths of an inch thick, i s  commonly produced 
by shot peening. 

In shot  peening, pellets (shot) of steel  or  chilled 
cas t  i ron  a r e  entrained in an a i r  jet, and blown toward 
the p a r t  a r e a  to be peened. The intensity of peening 
depends on three variables:  the size of shot ,  its velo- 
city a s  imparted by the a i r  s t r eam,  and the duration 
(seconds) of peening. The mechanics of the process  
i s  a s  follows: 

When a shot s t r ikes  the surface being peened, an 
indentation will be formed, Fig. 1, in which the region 
adjacent to the shot will be deformed plastically in 
tension, while the underlying layer will be defortned 
elast ical ly in tension. el he s t r e s s  i s  within the elast ic 
l imit  because the s t ra in  is distributed over a thicker 
layer .)' 

When the shot rebounds, Fig. l ( b ) ,  the elastically 
s t r e s sed  subsurf ace mater ia l  r ecove r s ,  inducing a 
layer of residual  compressive surface s t r e s s  in the 
plastically s t ressed  layer .  A low tensile s t r e s s  r e -  
mains in the subsurface layer ,  and a sma l l  "dimple" 
i s  left on the surface.  

As  peening i s  continued over adjacent surface a r e a s ,  
the surface  becomes residually s t ressed  in compres-  
sion in a covering layer about a few thousandths of an 
inch in thickness. Underlying this layer ,  the tensile 
s t r e s s  will be of lower intensity because i t  i s  d i s t r i -  

PAUL H. BLACK is Professor of Mechanical Engineering, Ohio Uni- 
versity, Athens, Ohio. 

buted across  a comparatively thick layer .  Thus ,  
forces  in the peened surface a r e  in equilibrium. 

If the intensity of peening is excessive,  however, 
the conlpressive layer will be  thicker. Then,  the ten- 
s i le  s t r e s s  in the underlying region can be s o  high that 
i t  may lead to a fatigue f rac ture ,  originating in this 
subsurface layer.  Thus,  there i s  an optimum intensity 
of peening. 

Fig. 2 can be used to explain why metallic surface 
layers  a r e  weaker than sound subsurface layers .  A 
sound subsurface element,  a s  shown in the f igure ,  
offers res t ra in t  to elongation by the force.  This  r e s -  
traint  i s  due, f i r s t ,  to i t s  internal cohesive strength 
(atomic attraction), and second, to i t s  r e s t r a in t  to 
elongation provided by the four faces of adjoining 
material :  top, bottom, front, and back. The surface  
element a t  ( b )  has the same cohesive strength a s  a t  
(a), but has only three restraining faces:  f ront ,  
bottom, and back. Thus ,  a surface  element i s  weaker 
than a sound subsurface element. 

A layer of compressive residual  s t r e s s  on the s u r -  
face will thereby strengthen surface elements by pro-  
viding additional resistance to the tensile load, P. 

The fatigue strength of a metallic member to be 
subjected in service  to one-directional (not reversed)  
bending can be fur ther  increased if the member i s  
externally loaded to induce, during peening, a tensile 
s t r e s s  on the surface  within the elast ic l imit ,  and 
maintaining it during peening. 

T o  show the effect  of presetting without peening, 
consider the leaf springs in Fig. 3. At ( a )  i s  shown 
a multiple-leaf spring.  At ( b )  i s  a single-leaf spring 
that was pres t ressed  by supporting the midpoint and 
forcing the ends down where the spring shackles a r e  
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Fig. l 4 h o t  peening. mechanisms:  ( a )  Impact . ;  ( b )  ~ e b o u n d .  

c 
Fig. 2 4 t r e n g t h  of s u r f a c e  and s u b s u r f a c e  e lements .  



Convent~onol mul t~~le  leaf spring 

Prestressed smgle leof spring 

Fig. 3-Springs designed for s ame  service.  Comparison 
shows mater ia l  i s  more  efficiently used when pres t ressed 
properly. 

I N C H E S  RUN-OUT A S  M E A S U R E D  F R O M  F O R G E D  
ENDS O F  H A M M E R  S T R A I G H T E N E D  A X L E  SHAFTS. 

U P P E R  L I N E  B E F O R E  P E E N I N G  
L O W E R  L I N E  A F T E R  P E E N I N G  

Fig. 4-Inches run-out a s  measured f rom forged ends of 
hammer-straightened axle shafts. Upper line, before peening; 
lower line, after peening. 

attached. (Such loading deflects the spring in the same 
direction a s  in vehicle service.)  End loads were  then 
increased,  stressing the top of the spring plastically 
(beyond the elastic limit) in tension. When the exter -  
nal load was re leased,  the recovery of the elastically 
s t ressed  par t  of the spring induced a layer of residual  
compressive s t r e s s  in the plastically s t r e s sed  par t .  
Then, when the spring was installed in service ,  the 
tensile s t r e s s  on the top layer of the leaf was de-  
creased,  acting to ra ise  the endurance limit. The re -  
fore ,  the single leaf spring has the same  maximum 
s t r e s s  a s  the multiple leaf spring,  saving in weight 
as indicated.' 

The magnitude of forces involved in the use  of 
residual s t r e s ses  in metal par ts  can be appreciated 
by the following case  history. I t  was necessary to 
straighten a group of axle shafts due to "run-out" 
resulting from heat-treating. The run-out is indi- 
cated by the upper line of values in Fig.  4. 

Initially, the shafts were intended to be straightened 
by hammering on the concave side to introduce a layer 
of residual  compressive s t r e s s e s ,  which should co r -  
rect the "run-out". However, through e r r o r ,  they 
were hammered on the convex side.  Though this pro- 
cedwe straightened the shafts ,  i t  left high residual  
tensile s t r e s ses  on sides that were  originally convex. 

A pneumatic a i r  hammer was constructed, Fig. 5 ,  
to straighten these shafts. Each was placed in a 
grooved anvil s o  that i t  was peened on the concave 
side a s  it moved longitudinally until being straight-  
ened by the compressive s t r e s s  introduced on the 
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Fig. 5 S e t u p  fo r  hammer  straightening of axle shafts after 
heat  treatment.  
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Fig. 6--Straightened axle shafts. The straightening method 
determines  the residual s t r e s s  and the resulting fatigue 
strength.  

concave side. Lower values in Fig. 4 show the inches 
run  -out after peening. 

In Fig. 6 ,  the "number of cycles" to failure a r e  
shown for the two instances described above. 

In the case  history cited above, the axle shaft was 
heat  treated to increase i t s  s trength,  thus meeting 
se rv ice  requirements.  Heat treatment,  however, 
caused la tera l  deflection, a s  indicated by the run-  
out shown by the upper line of values in Fig. 4. Run- 
out was then materially reduced by shot peening on 
the concave side. 

A s  an al ternate method to meet strength and 
straightness requirement for the shaft, the manu- 
fac turer  may find i t  profitable to avoid heat t rea t -  
ment by shot peening the shaft uniforn~ly over i t s  
ent i re  a rea .  This  procedure could meet,  in one opera- 
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Interpreting Electron Fractographs of Stress 

Corrosion in Aluminum Alloys 

FRANKLIN ALEX 

ELECTRON fractography is becoming a familiar  tool 
to metallurgists  in the analysis of fai lures of metal  
pa r t s .  But there appears to be uncertainty about 
charac ter i s t ics  which reveal  s t r e s s  corrosion in 
aluminum alloys. The source  of the confusion: severa l  
f ac to r s  - susceptible mater ia l ,  corrosive environment, 
tensile s t r e s s ,  and time - must combine in a unique 
manner to produce cracking. In part icular ,  the seve-  
r i t y  of the environment and the effects of grain flow 
and shape have to be considered carefully. 

Seldom will analysis reveal  a l l  indicators of s t r e s s  
corrosion even when thev a r e  present .  But the r e -  
s ea rche r  need not always continue analysis to reveal  
every factor before reaching a conclusion. Normally, 
he can get  enough information from electron fracto- 
graphs ,  careful  visual study, and knowledge of some 
of the environmental factors to decide the cause of 
fa i lure  . 

STUDY THE FRACTURE SURFACE 

In electron fractography, the f rac ture  surface i s  - - "  

not viewed directly. The investigator prepares  a 
repl ica ,  and examines i t  with an electron microscope. 
 o or this study, al l  replicas were prepared by the 
two-step, plastic-carbon method.) 

P rope r  interpretation involves electron fracto- 
graphy , visual examination, metallography , and con- 
sideration of conditions surrounding fai lure.  After  
cleaning f rac ture  surfaces ,  examine them visually a t  
low power to determine the origin and the existence 
of p r io r  cracking, commonly characterized by a 
bright ,  "woody" appearance. S t r e s s  corrosion often 
becomes evident through pits  a t  the origin, as  well 
a s  para l le l  secondary cracks.  

Metallographic examination i s  applied to determine 
gra in  flow; s i ze ,  shape and elongation of grain; and 
amount of recrystallization. Grain shapes dictate the 
appearance to be expected in electron fractographs. 
After  insuring that f rac ture  edges a r e  preserved during 
preparation,  observe the path of f rac ture ,  the amount 
of branching, and the amount of attack. S t ress-corro-  
sion cracks  in aluminum should branch somewhat. 
The  principal cracks generally extend in a direction 
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t ransverse  to the principal  s t r e s s  and a r e  narrow 
and sharp  a t  t ips .  

Other fac tors  which must  be considered a r e  heat 
treatment,  relative susceptibility of the material  
to s t r e s s  corrosion,  the environment, the source and 
relative magnitude of tensile s t r e s s e s ,  and time to 
failure. 

PINPOINTING CAUSES 

A single f rac ture  surface usually has more than 
one of the charac ter i s t ics  typical of intergranular 
f rac ture .  With the electron microscope,  however, 
we can only view a sma l l  a r e a  a t  a time. Copper 
sc reens  (on which repl icas  a r e  mounted) also mask 
off large areas .  Unless the metallurgist takes great  
c a r e  in examining the surface ,  he might not detect 
a l l  characterist ics present .  He should examine enough 
a r e a s  to scan al l  significant charac ter i s t ics ,  taking 
particular ca re  to study the exact origin. The zone 
containing the original failure may extend only a few 
thousandths of an inch in depth. 

Before the investigator attempts to evaluate fracture 
charac ter i s t ics ,  he must  consider the grain condition, 
especially shape. Equiaxed gra ins ,  for example, essen- 
tially exhibit relatively equal dimensions in al l  direc- 
tions. In cas t  components, equiaxed grains a r e  found in 
sections that cool uniformly and nondirectionally. 
P a r t s  that a r e  hot o r  cold worked also exhibit equi- 
axed grains in a r e a s  which have been uniformly de- 
formed. Although almost  every forging contains zonec 
with greatly elongated gra ins ,  i t s  volume consists, 
in the main, of gra ins  with only slightly preferred 
orientation. However, l e s s  than 10 pct  of al l  s t r e s s -  
corrosion fa i lures  in aluminum occur in zones of 
equiaxed grains.  Because intergranular fractures 
through zones of equiaxed grains a r e  easy to recog- 
nize by their charac ter i s t ics ,  there is little need to 
discuss them. 

ZONES WITH ELONGATED GRAINS 

Grains a re  normally elongated by mechanical work- 
ing such a s  forging, rol l ing,  and stretching. We will 
discuss forgings alone because they contain the great-  
e s t  variety of grain s t ruc tures .  Typically, the parting 
plane has greatly elongated grains because excess 
metal  i s  extruded between the dies a s  they meet. 
This  area  i s  normally machined, removing the flash 


