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ABSTRACT 

With t h e  t r end  i n  gea r  t r ansmiss ion  
towards h ighe r  c a p a c i t i e s ,  sma l l e r  s i z e  and 
o v e r a l l  i n c r e a s e s  i n  s t r e n g t h ,  s h o t  peening 
i s  a  v i a b l e  and low-cost a l t e r n a t i v e  t o  major 
r edes ign  o r  i nc reased  m a t e r i a l  c o s t s  due t o  
p a r t - s i z e  i n c r e a s e s .  Understanding s h o t  
peening can be  an  e f f e c t i v e  means t o  a  s o l u t i o n  
f o r  t h e s e  new des ign  cha l l enges  t h a t  can only  
be made by having an  unders tanding of t h i s  
t o o l ' s  c a p a b i l i t i e s .  The a b i l i t y  t o  i n c r e a s e  
f a t i g u e  s t r e n g t h ,  i n c r e a s e  s u r f a c e  f a t i g u e  
l i f e ,  e l i m i n a t e  cont inuous  machine marks 
which produce s t r e s s  r i s e r s  i n  t h e  t o o t h  f l a n k ,  
and a i d  i n  l u b r i c a t i o n  a r e  key f a d t o r s  i n  a id-  
ing  g e a r  des igne r s .  

THE PURPOSE OF THIS PAPER i s  t o  provide  gea r  
des ign  eng inee r s  w i th  an unders tanding of how 
t o  u s e  sho t  peening a s  an impor tant  t o o l  i n  
reducing c o s t s  i n  gea r  system des ign ,  a s  w e l l  
a s  knowing when t h a t  t o o l  should o r  should no t  
be  used.  Shot peening i s  e f f e c t i v e  i n  combat- 
t i n g  problems r e l a t e d  t o  f a t i g u e ,  gea r  t o o t h  
p i t t i n g ,  and f a t i g u e  s t r e n g t h  l o s s e s  due t o  
v a r i o u s  hea t - t r ea t in? ,  t echn iques .  

Though des igne r s  of  marine gear ing  and 
t u r b i n e  p ropu l s ion  systems have long been 
aware of s h o t  peening a s  an  e f f e c t i v e  t o o l  i n  
combatt ing f a t i g u e ,  new des igns  f o r  a g r i c u l -  
t u r a l  machinery,  speed r educe r s  and gea r  
motors a r e  inco rpora t ing  t h e  process  i n t o  
t h e  i n i t i a l  des ign  stages. 

DISCUSSION REGARDING FATIGUE 

To understand why s h o t  peening i s  an 
e f f e c t i v e  t o o l  i n  f a t i g u e - r e l a t e d  problems, 
it is  necessa ry  t o  understand t h e  theo ry  
surrounding s h o t  peening.  It i s  known t h a t  
f a t i g u e  f a i l u r e s  c o n s i s t  of t h r e e  even t s :  

A )  The i n i r  L i t i o n  of t h e  c r a c k  at  a  s u r f a c e  
t h a t  has  e i t h e r  r e s i d u a l  t e n s i l e  s t r e s s e s  
( p o s s i b l y  produced by a s s o r t e d  machining 
o p e r a t i o n s )  o r  app l i ed  t e n s i l e  s t r e s s e s  ( a s  
i n  e x t e r n a l  f o r c e s  produced by gea r  t oo th  
load ing) .  B) Followed by c rack  propogation 
o r  movement through a  member ( a s  i n  a  gear  
t o o t h ) .  C) Followed by even tua l  f r a c t u r e  
of t h e  member due t o  i n s u f f i c i e n t  c ross-  
s e c t i o n  of t h e  member making i t  unable t o  
c a r r y  t h e  a p p l i e d  loads .  

Based on c r a c k  propogat ion  theo ry ,  a  
c r ack  w i l l  n o t  propogate i n t o  a  l a y e r  t h a t  
has  compressive stress. 

SHOT PEENING AND ITS EFFECT ON FATIGUE 

By u t i l i z i n g  t h i s  p r i n c i p l e ,  sho t  peening 
i s  de f ined  a s  t h e  bombardment of a  s u r f a c e  
wi th  sma l l  s p h e r i c a l  media ( t h e  s h o t )  t o  
produce a  t h i n  l a y e r  of h igh  magnitude, r e s i d u a l  
compressive s t r e s s ,  a s  shown i n  F ig .  1. 

How Peening Improves the Surface Layer 
Residual 

Surface stretched compress1 
bA7d flattend stress 

-- - 

As shot particles strike a part, they deform the surface grains plastically, 
stretch the surface radially, and induce a tensile stress When the particles 
bounce off, tensile stress 1s relieved, and a residual compressive stress is left 
inthesurface layer This stress reslsts pitformationand offsets theeffectsofthe 
applied load. 

F i g ,  l ( l ) *  

"Numbers i n  pa ren theses  d e s i g n a t e  
References  a t  end of paper.  



By e l i m i n a t i n g  event B of f a t i g u e  f a i l u r e ,  
t h e  f a t i g u e  c r a c k  can be  a r r e s t e d .  

The s t r e s s  d i s t r i b u t i o n  through t h e  cross-  
s e c t i o n  of a p a r t  can be  shown a s  i n  F ig .  2.  

P E E N E D  S U R F A C E  

T E N S I O N  0 C O M P R E S S I O N  

T 

R E S I D U A L  S T R E S S  

C- T 

DlSTRlBUTlON OF STRESS I N  A 
SHOT-PEENED BEAM WITH N O  EXTERNAL LOAD 

F i g .  2 (2) 

A ze ro  p o i n t  i s  raridomly s e l e c t e d ,  and 
i n c r e a s i n g  compressive s t r e s s e s  a r e  shown by 
movement from l e f t  t o  r i g h t  from t h e  v e r t i c a l  
datum p o i n t ,  and i n c r e a s i n g  t e n s i l e  s t r e s s e s  
can  be  shown by moving from t h e  datum po in t  
from r i g h t  t o  l e f t ,  then  t h e  s t r e s s  d i s t r i -  
b u t i o n  through t h e  member can  be  g r a p h i c a l l y  
shown i f  t h e  peened s u r f a c e  is  a t  t h e  top  of 
t h e  member. The g r e a t e s t  magnitude of t h e  
compressive stress w i l l  occur a t  t h e  t o p  of 
t h e  peened member, o r  j u s t  s l i g h t l y  below t h e  
s u r f a c e ,  and w i l l  be  approximately 50 t o  60 
p e r  c e n t  of t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  of 
t h e  base  m a t e r i a l  (See F ig .  3 ) .  

Ultimate tensile strength, lo3 psi 

Rc31 Hardness 

U l t ima te  t e n s i l e  s t r e n g t h  and 
s u r f a c e  ha rdness  de termine  t h e  
r e s i d u a l  s t r e s s e s  a f t e r  peening.  

F ig .  3 (3) 

t e n s i l e ) ,  is  a l s o  a f u n c t i o n  of t h e  hardness  
of t h e  m a t e r i a l  (See F i g .  4 ) .  

C strip - 
0 0.010 0.020 A strip 

Arc helght (~ntens l ty) ,  In 

Fig .  4 (3) 

T h i s  k i n e t i c  energy i s  measured by a 
s t anda rd  known a s  an  "Almen" s t r i p .  A more 
complete d e s c r i p t i o n  of how t h i s  works w i l l  
be  desc r ibed  l a t e r ,  bu t  f o r  now, a s  shown 
i n  F i g .  4 ,  t h e  i n t e n s i t y  wi th  which a p a r t  
is  being peened i s  i n c r e a s i n g  a s  we move from 
l e f t  t o  r i g h t .  

At a g iven i n t e n s i t y  ( t h e  measurement 
of t h e  k i n e t i c  energy) t h e  depth  of com- 
p r e s s i o n  i s  deeper on a s o f t e r  m a t e r i a l  than 
on a h a r d e r  m a t e r i a l .  Th i s  depth  of com- 
p r e s s i o n  i s  c r i t i c a l  because  i t  cannot exceed 
t e n  pe r  c e n t  of t h e  t h i c k n e s s  of m a t e r i a l  per  
s i d e .  

When a p a r t  t h a t  h a s  been peened has an 
e x t e r n a l  l oad  app l i ed  t o  i t ,  t h e  o f f - s e t t i n g  
t e n s i l e  stress produced by t h e  load w i l l  
dec rease  t h e  magnitude of t h e  compressive 
s t r e s s  in t roduced by t h e  peening.  This  
compressive s t r e s s  w i l l  be  r e t a i n e d  i f  t h e  
p a r t  i s  loaded no more than 40 t o  50 per  cen t  
of t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  of t h e  m a t e r i a l  
o r  below t h e  e l a s t i c  l i m i t  o r  y i e l d  po in t .  

As shown i n  F ig .  5A, f o r  a m a t e r i a l  wi th  
a hardness  of Rc31, t h e  p a r t  has  t h e  s t r e s s  
d i s t r i b u t i o n  shown wi thout  an e x t e r n a l  load .  
Upon a p p l i c a t i o n  of t h e  l o a d ,  t h e  curve  w i l l  
s h i f t  a s  shown i n  Fig .  5B.  

The depth  of t h e  compressive s t r e s s  i s  
t o t a l l y  a f u n c t i o n  of t h e  k i n e t i c  energy 
impar ted  t o  t h e  peened s u r f a c e  and is a 
f u n c t i o n  of t h e  mass of t h e  sho t  t i m e s  t h e  
v e l o c i t y .  Th i s  depth  of compression,  o r  the  
p o i n t  a t  which compressive s t r e s s e s  change 
t o  t e n s i l e  s t r e s s e s  ( r e f e r r e d  t o  a s  c o r e  



i n i t i a l  gea r  hardness  p r i o r  t o  t h e  
peening.  ) 

IMPROVING FATIGUE STRENGTB OF GEAR TEETH 

S ince  a  gea r  t o o t h  i s  e s s e n t i a l l y  a  
c a n t i l e v e r e d  beam, i t  would b e  expected t h a t  
f a i l u r e  due t o  a  c y c l i c a l  l oad  would be expected 
i n  t h e  r o o t  of t h e  gea r .  Almen and Black (4) 
i n  t h e i r  d i s c u s s i o n  of r e s i d u a l  s t r e s s e s  i n  
gea r  t e e t h ,  show t h a t  when f a t i g u e  f r a c t u r e s  
of t h e  t e e t h  occurred  on f a i l e d  automotive r e a r  
a x l e  g e a r s ,  t h e  f r a c t u r e  always o r i g i n a t e d  
a t  t h e  t e n s i o n  f i l l e t .  Th i s  f i l l e t  was on the  
same s i d e  of t h e  gea r  t o o t h  a s  t h e  t o o t h  
load ing .  

Typ ica l ly ,  gea r  des igne r s  w i l l  i n c r e a s e  
a g e a r ' s  s u r f a c e  hardiiess t o  a l low i t  io c a r r y  
h ighe r  l oads .  However, hardening by hea t  
t r e a t i n g  r e q u i r e s  g e a r s  t o  be  remachined t o  
compensate f o r  d imensional  changes dur ing  the  
c a r b u r i z i n g ,  n i t r i d i n g  o r  o t h e r  hardening 
p rocesses .  I n  a d d i t i o n ,  a s  t o o t h  hardness 
i n c r e a s e s  above 43 Rc (approximately 200,000 
p s i ) ,  f a t i g u e  s t r e n g t h  a c t u a l l y  f a l l s  o f f .  
(See F i g .  7 )  ( 2 ) .  

Stresses In peened metal Pi i n i d  i u r f a ~ r  
Terwon 0 Coniprcirion 

Res~dual surface 
E 

stress 
(1 10 000 psi for 

Neutral axls 

A No external load 

Peening con t inues  t o  p r o t e c t  t h e  
s u r f a c e  from f a t i g u e  a s  long a s  t e n s i l e  
s t r e s s e s  from a p p l i e d  load  a r e  less than 

A - 
r e s i d u a l  s t r e s s e s .  

SHOT PEENING'S IMPACT ON GEARING 

By unders tanding t h e  e f f e c t  produced by 
peening,  we can now de te rmi ix  t h e  ways i n  which 
i t  can be  b e n e f i c i a l  t o  t h e  gea r  des igne r .  Shot 
peening i s  p r i m a r i l y  used i n  gea r ' ng  t o :  

A) Improve f a t i g u e  s t r e n g t h  of t h e  gear  
t o o t h  i n  t h e  r o o t  f i l l e t ;  

B) I n c r e a s e  s u r f a c e  f a t i g u e  l i f e  t o  
reduce p i t t i n g  and i n c r e a s e  d u r a b i l i t y .  

Both of t h e s e  e f f e c t s  a r e  shown i n  
F igu re  6 .  

T e n s i l e  and s h e a r  s t r e s s e s  
cause  p i t s  and f a t i g u e  c racks .  

F ig .  6 

S i d e  b e n e f i t s  from peening a l s o  inc lude :  

C )  Aiding i n  t h e  l u b r i c a t i o n  of t h e  gea r  
o r  gea r  system; 

D )  E l imina t ion  of cont inuous  h o r i z o n t a l  
l i n e s  on t h e  gea r  t o o t h  f l a n k  pro- 
duced by v a r i o u s  g e a r  machining 
methods t h a t  can b e  removed by peening 
i n  t h e  "green" s t a t e .  (Usually t h e  
s u r f a c e  f i n i s h  produced by t h i s  
technique  w i l l  b e  an  83 RMS f i n i s h  o r  
h i g h e r ,  bu t  t h i s  w i l l  va ry  wi th  t h e  



KS I 
FATIGUE 
S T R E N G T H  
(2 M I L L I O N  
CYCLES) 

COMPARISON OF PEENED AND UNPEENED FATIGUE LIMITS FOR SMOOTH AND NOTCHED 
SPECIMENS AS A FUNCTION OF ULTIMATE TENSILE STRENGTH OF STEEL. 

Fig .  7 

This  most l i k e l y  occur s  due t o  inc reased  
no tch  s e n s i t i v i t y  and b r i t t l e n e s s .  Whether a  
specimen t h a t  has  n o t  been peened i s  notched 
o r  smooth, n o t i c e a b l e  dec reases  i n  f a t i g u e  
s t r e n g t h  can be  n o t i c e d .  As e x h i b i t e d  on t h e  
graph,  a  peened specimen w i l l  con t inue  t o  
have an i n c r e a s e  i n  f a t i g u e  s t r e n g t h  above 
43 Rc. 

R e l a t i n g  t h i s  t o  hardened gea r ing ,  by 
s h o t  peening t h e  r o o t  a r e a  of a  gea r  a f t e r  
h e a t  t r e a t i n g ,  bo th  t h e  b e n e f i t s  of improved 
wear c h a r a c t e r i s t i c s  due t o  inc reased  hardness  
and i n c r e a s e d  f a t igue .  s t r e n g t h  due t o  t h e  
peening can b e  ob ta ined .  To develop t h e  
maximum compressive stre<.: i n  t h e  gear t o o t h  
due t o  t h e  s h o t  peening,  t h e  peening media 
should b e  a s  l e a s t  a s  hard  a s  t h e  p a r t  being 
peened. S i g n i f i c a n t  dec reases  i n  f a t i g u e  
s t r e n g t h  w i l l  b e  noted  i f  t h e  hardness  of t h e  
peening media does  no t  a t  l e a s t  equa l  t h e  
hardness  of t h e  t a r g e t  m a t e r i a l .  

An impor tant  p o i n t  t o  cons ide r  i n  gea r  
des ign  i s  t h e  amount of r e s i d u a l  t e n s i l e  
s t r e s s  produced on t h e  gea r  t o o t h  p r o f i l e  and 
r o o t  due t o  g r i n d i n g .  S ince  t h e  t e n s i l e  s t r e s s  
from t h e  bending load  i s  u s u a l l y  g r e a t e s t  i n  
t h e  r o o t  f i l l e t ,  t h e  p r a c t i c e  of g r ind ing  r o o t  
f i l l e t s  should  b e  avoided,  e s p e c i a l l y  i n  
h i g h l y  s t r e s s e d  g e a r s .  However, t h e s e  t e n s i l e  
s t r e s s e s  can  be  overcome by s h o t  peening t o  
i n t r o d u c e  compressive s t r e s s e s .  

Seabrook and Dudley(5) i n  t h e i r  conclu- 
s i o n s  i n d i c a t e  t h a t  sho t  peeni.ng i s  s i g n i f i c a n t -  
l y  b e n e f i c i a l  i n  a l l  c a s e s  except  t h a t  of a  
n i t r i d e d  s t e e l  s u r f a c e  which showed moderate 

poor p rocess ing  can y i e l d  a  s t r e n g t h  lower 
than  a  non-shot peened gea r .  

A t y p i c a l  t e s t  was run and t h e  r e s u l t s  
a r e  shown below. (See Fig .  8) (1 ) .  

r e s u l t s .  Shot peening through hardened p in ions  
can y i e l d  a s  much a s  30 p e r  c e n t  improvement i n  
f a t i g u e  l i m i t .  

L l o y d l s R e g i s t e r  of Shipping(6)  a l lows an  
i n c r e a s e  i n  t o o t h  loading f o r  both wear and 
s t r e n g t h  up t o  20 pe r  c e n t  f o r  c o n t r o l l e d  sho t  
peening.  The term "con t ro l l ed"  is  extremely 
impor tant  a s  Dudley and Seabrook (5) s t a t e  t h a t  



Test Set-Up - 
Improving Endurance 
Limit with Shot-Peening 
In a typical test of shot-peening, theendurance limit of a set of 
gears was improved by 29%. For the test, several gears were 
forged from the same barof 4118 steel, carburized together to 
produce a 0.025 to 0,035-in. case, marquenched in 400°F oil 
for 10 min, air cooled, and tempered. Metallographic tests 
(afterthe fatigue tests) showed that the gears were asidentical 
as commercially possible. 

Half the gears were then 
shot-peened, the remainder left 
unpeened, and four of each type 
were run in a single-tooth bending Test Results 
fatigue test. The shot-peened gears 

25 I proved to have an endurancelimit 
much higherthan that of unpeened 
gears. Average endurance limit was s- 20 

3,025 Ib for the peened gears and 2 
2,350 Ib for the unpeened gears, an 
improvement of 29%. Since all D " 15 

possible mechanical and o 

metallurgical variables were held 
_I 

0 

constant during the test, shot- C 10 
m 

peening was the only factor C 
accounting for the increased - - 
endurance limit. " 5 

1 2 4 6 8 1.0 20 40 60 80 100 200 400 
Life (cycles to fa~lure i lo4)  

F ig .  8 
S i m i l a r  r e s u l t s  a r e  shown i n  F i g .  9 ( 3 )  f o r  a n o t h e r  example. 

S "  

Cvcles to failure 
I u- I U' 

Carbu r i zed  p l a n e t  g e a r s  ( 4 . 8  UP w i t h  1 .4 - i n .  f a c e s ) ,  
from t h e  same 4118 s t o c k ,  showed i n c r e a s e d  l o a d  
c a p a c i t y  when s h o t  peened.  

F ig .  9 

F i g u r e  1 0  (3)  shows t h e  c o r r e l a t i o n  o f  s h o t  peening  on some 
m a t e r i a l s  and t r e a t m e n t s .  

Material and treatment Fatlgue limlt, lo3 psi 
10% failure 50% failure 

Carburized 9310 51 55 
Carburlzed and shot oeened 9310 58 60 

Induction hardened 4340 38 44 
Induction hardened and shot peened 4340 42 45 
Induction hardened 4140 36 - 
Induction hardened and shot peened 4140 40 - 

Through-hardened 4340 at Rc35 30 - 
Through-hardened and shot peened 4340 at Rc35 36 - 
Through-hardened modified 4340 at Rc42 41 - 

Fig .  1 0  



Most n o t i c e a b l e  i n c r e a s e s  i n  peened 
ve r sus  non-peened gea r s  a r e  shown f o r  t h e  
through-hardened gea r ing ;  however, Seabrook 
and Dudley (5) showed a 33 per  c e n t  i n c r e a s e  
on induc t ion  hardened 4140 m a t e r i a l .  

Induc t ion  hardening and c a r b u r i z i n g  
p rocesses  do produce some r e s i d u a l  compressive 
s t r e s s e s ,  however, n o t  of t h e  magnitude ex- 
h i b i t e d  by s h o t  peening. 

I n  s i t u a t i o n s  where a gear  system may 
no t  have had gea r ing  peened, s i g n i f i c a n t  
up ra t ing  of t h e  system can be  accomplished i f  
o t h e r  components of t h e  system a r e  a b l e  t o  
handle t h e  inc reased  loading.  See Fig .  11 (3) .  

I 
10" Cycles to fa~lure 1 0' 

Shot peening can s t r e t c h  f a t i g u e  l i v e s  of ca rbur i zed  
g e a r s  o r  a l low des igne r s  t o  u s e  more compact t r ansmiss ions  
f o r  l a r g e  loads .  

F ig .  

According t o  one s tudy  ( 3 ) ,  
using s h o t  peening i n  a gea r  system and 
changing from a 300 BHN s t e e l  t o  a f u l l y  
hardened s t c c l  ~f about  57 Rc wt th  sho t  
peening can ha lve  a g e a r  box 's  l e n g t h ,  width,  
and h e i g h t .  Normally, peening of t h e  t o t a l  
gea r  t o o t h  i s  done. However, u n l e s s  t h e  
a p p l i c a t i o n  r e q u i r e s  extremely smooth opera- 
t i o n ,  peening of t h e  r o o t  of t h e  gea r  only  i s  
n o t  recommended a s  inc reased  c o s t s  would be  
produced by a d d i t i o n a l  masking of t h e  f l a n k s .  
Peening does i n c r e a s e  t h e  roughness of t h e  
s u r f a c e  of a t o o t h ,  but  i t  becomes l e s s  
n o t i c e a b l e  a s  t h e  hardness  of t h e  gea r  
i n c r e a s e s .  

Proper  sho t  s i z e  s e l e c t i o n  is  impor tant  
t o  a s s u r e  proper  coverage.  The sho t  s i z e  
normally s e l e c t e d  has  a d iameter  no g r e a t e r  
than  h a l f  t h e  r a d i u s  of t h e  f i l l e t .  (Other 
v a r i a b l e s  r ega rd ing  sho t  hardness  and s i z e  
may e n t e r  i n t o  t h e  s p e c i f i c a t i o n  of sho t  
peening pa rame te r s . )  

GEAR DURABILITY AND PITTING 

Sur face  f a t i g u e  l i f e  can a l s o  be  improved 
by s h o t  peening.  P i t t i n g  i s  caused i n  gea r  
t e e t h  by s h e a r  s t r e s s e s  below and p a r a l l e l  t o  
t h e  t o o t h  s u r f a c e .  S ince  gea r s  mesh wi th  a 
r o l l i n g  a c t i o n  a long  t h e  p i t c h  l i n e ,  s l i p  
above and below t h e  p i t c h  l i n e  can be  gener- 
a t e d  a s  h igh  a s  40 per  c e n t .  A s  a  r e s u l t  of 
t h i s  s l i p ,  t i n y  c racks  can develop under t h e  

s u r f a c e  a t  a  depth  of above .006 i n .  below t h e  
s u r f a c e .  These c racks  propagate  outward and 
toward t h e  gea r  t o o t h  s u r f a c e  u n t i l  a  t h i n  
w e d g e  o f  me ta l  breaks  awag, l eav ing  t h e  p i t .  
S ince  c racks  w i l l  no t  propagate  i n t o  a l a y e r  
of compressive s t r e s s ,  by peening t o  a depth 
of .007 t o  .008 inch ,  p i t t i n g  can b e  prevented .  
T e s t s  by NASA i n  s t u d i e s  by Townsend and 
Zare tsky ( 7 )  show an i n c r e a s e  i n  s u r f a c e  
p i t t i n g  f a t i g u e  l i f e  of 1 . 6  t imes  t h a t  of non- 
s h o t  peened g e a r s .  Res idua l  stress measurements 
and a n a l y s i s  i n d i c a t e d  t h a t  t h e  longe r  f a t i g u e  
l i f e  i s  a r e s u l t  of  t h e  h ighe r  compressive 
s t r e s s  produced by sho t  peening.  

SHOT PEENING AND GEAR LUBRICATION 

Since  sho t  peening produces sma l l  indenta-  
t i o n s  on t h e  s u r f a c e  of a g e a r  t o o t h ,  t h e s e  
now become t i n y  pockets o r  r e s e r v o i r s .  These 
s u r f a c e  r e s e r v o i r s  a i d  i n  t h e  r e t e n t i o n  of 
l u b r i c a t i o n ,  reduce f r e t t i n g  and s c o r i n g ,  and 
reduce  ope ra t ing  tempera tures .  

SHOT PEENING TO REMOVE CONTINUOUS MACHINING 
MARKS 

A technique  t h a t  can be used i n  g e a r s  
f a i l i n g  a long continuous l i n e s  occur r ing  a c r o s s  
t h e  f a c e  of a gea r  t o o t h  produced by machining 
i s  t o  peen t h e  s u r f a c e  of t h e  t o o t h  i n  a "green" 
s t a t e ,  and then t o  follow wi th  t h e  h e a t - t r e a t i n g  
p rocess .  The peening w i l l  e l i m i n a t e  t h e  con- 



t i n u o u s  s t r e s s  r i s e r s  produced by t h e  
machin ing  marks and t r a n s f o r m  them t o  a  
homogeneous dimpled s u r f a c e .  T h i s  h a s  been  
proven  and i s  d e m o n s t r a t e d  i n  a  p a p e r  by 
R o b e r t  Buenneke (8 ) .  

S i n c e  t h e  h e a t - t r e a t i n g  p r o c e s s  w i l l  
remove t h e  b e n e f i t s  o f  t h e  compress ive  
s t r e s s e s  b u t  n o t  a f f e c t  t h e  dimpled s u r f a c e ,  
i t  is  n e c e s s a r y  t o  r e p e e n  t h e  g e a r  a f t e r  t h e  
h a r d e n i n g  p r o c e s s .  The secondary  p e e n i n g  
o p e r a t i - o n  w i l l  r e i n t r o d u c e  t h e  c o m p r e s s i v e  
s t r e s s e s ,  b u t  a t  a  h i g h e r  magnitude (due  t o  
t h e  r e l a t i o n s h i p  of  t h e  compress ive  s t r e s s  
b e i n g  a t  50-60 p e r  c e n t  of  t h e  u l t i m a t e  
t e n s i l e  s t r e n g t h  of  t h e  m a t e r i . a l ) .  

AI>UITIONAI, CONSIDERATIONS FOR GEARING 

Shot  peen ing  i s  normal ly  t h e  l a s t  
machining o p e r a t i o n  performed on  a  g e a r .  
Lapping o r  honing  can  b e  done a f t e r  p e e n i n g  
t o  t h e  p e ~ l ~ e d  s u r f a c e ,  b u t  m a t e r i a l  removal  
must be  l i m i t e d  t o  no more t h a n  t e n  p e r  c e n t  
of  t h e  d e p t h  o f  compress ion .  G r i n d i n g  o f  a  
peened s u r f a c e  i s  n o t  a l l o w e d  b e c a u s e  t h e  
h e a t  g e n e r a t e d  by  t h e  g r i n d i n g  may r e l i e v e  
t h e  compressi.ve s t r e s s e s .  Tempera ture  
c o n t r o l  o f  t h e  l a p p i n g  o r  honing  o p e r a t i o n  
i s  c r i t i c a l .  

I f  t h e  roughness  of  t h e  t o o t h  £1-anks 
produced by  t h e  s h o t  peen ing  i s  o b j e c t i o n a b l e ,  
t h e  f l a n k s  may b e  shaved ( r a t h e r  t h a n  masked 
b e f o r e  p e e n i n g ) ,  b u t  a g a i n ,  p r o p e r  c o o l a n t  
t e m p e r a t u r e  main tenance  i s  i m p o r t a n t .  

Shot  p e e n i n g  w i l l  n o t  s i g n i f i c a n t l y  
i n c r e a s e  t h e  h a r d n e s s  o f  ca rbon  s t e e i  and 
a s  a  r e s u l t ,  w i l l  n o t  a f f e c t  t h e  u l t i m a t e  
t e n s i l e  s t r e n g t h  of  t h e  m a t e r i a l .  I f  t h e  
m a t e r i a l  i s  a  t y p e  t h a t  i s  r e a d i l y  work 
h a r d e n a b l e ,  t h e n  i n c r e a s e s  i n  h a r d n e s s  a l o n g  
w i t h  s u b s e q u e n t  i n c r e a s e s  i n  u l t i m a t e  t e n s i l e  
s t r e n g t h  c a n  b e  e x p e c t e d .  

SHOT PEENING CONTROLS 

As w i t h  any machin ing  p r o c e s s ,  i t  i s  
n e c e s s a r y  t o  have  c o n t r o l  t e c h n i q u e s  t h a t  
can  a s s u r e  p r o p e r  per formance  o f  t h e  peened 
p a r t .  T h e r e  a r e  n o  known p r o d u c t i o n  t e c h -  
n i q u e s  of  measur ing  compress ive  s t r e s s e s ;  
however, l a b  e x p e r i m e n t s  u s i n g  X-ray d i f f r a c -  
t i o n  c a n  s u b s t a n t i a t e  t h e  s t r e s s  d i s t r i b u t i o n  
c u r v e s  showing t h e  magni tude  of  c o m p r e s s i v e  
s t r e s s  and d e p t h  o f  compress ion .  T h e r e  a r e  
t h r e e  p o i n t s  o f  t h e  sho t -peen ing  p r o c e s s  
t h a t  must b e  a d h e r e d  t o  t o  a s s u r e  p r o p e r  
p a r t  per formance .  These p o i n t s  a r e  t h e  
a b i l i t y  t o  d e t e r m i n e  and m a i n t a i n  p r o p e r  
i n t e n s i t y ;  s h o t  i n t e g r i t y ;  a n d ,  t o  p r o p e r l y  
judge  c o v e r a g e  i n  t h e  peened a r e a .  

t h r e e  t y p e s  which a r e  used  t o  d e t e r m i n e  t h e  
v a r i o u s  r a n g e s  of  i n t e n s i t i e s .  These  a r e  
t h e  "N", "A" and "C' s t r i p s  ( S e e  F i g  1 2 ) .  

These  s t r i p s  a r e  a  s p r i n g  s t e e l  SAE 1070 
m a t e r i a l  u n i f o r m l y  hardened  and tempered t o  
a  44-50Rc. These s t r i p s  a r e  u s e d  t o  c a l i b r a t e  
t h e  p e e n i n g  equipment .  F o r  e a c h  c a l i b r a t i o n  
test,  s e v e r a l  Almen s t r i p s  o f  a  s i n g l e  t h i c k -  
n e s s  (N, A o r  C )  a r e  clamped t o  a  t e s t  f i x t u r e  
known a s  a n  Almen b l o c k  and exposed  t o  t h e  
s h o t  s t r e a m  f o r  v a r y i n g  p e r i o d s  o f  t ime .  
When t h e  s t r i p  i s  removed from t h e  b l o c k ,  i t  
w i l l  c u r v e  upward towards  t h e  s i d e  which h a s  
been peened (See F i g .  1 3 ) .  

The a r c  h e i g h t  i s  measured on e a c h  s t r i p  
u s i n g  a n  Almen gauge ,  a s  shown i n  F i g .  14 .  
The l o n g e r  t h e  s t r i p  h a s  been  exposed t o  t h e  
s h o t  s t r e a m ,  t h e  g r e a t e r  t h e  d e f l e c t i o n  o f  
t h e  s t r i p .  I f  a n  "A" s t r i p  i s  exposed  t o  a  
s h o t  s t r e a m  t o  produce  a d e f l e c t i o n  of 
.015", t h e  i n t e n s i t y  i s  a  .015A i n t e n s i t y .  
The measured s t r i p s  a r e  t h e n  used  t o  p l o t  a  
s a t u r a t i o n  c u r v e  which p l o t s  t h e  a r c  h e i g h t  
v e r s u s  t h e  e x p o s u r e  t i m e .  F o r  a  p a r t i c u l a r  
machine s e t - u p ,  t h e  r e g i o n  b e i n g  s o u g h t  t o  
d e v e l o p  a n  i d e a l  e x p o s u r e  t i m e  f o r  a  s p e c i f i e d  
i n t e n s i t y  i s  t h e  b e g i n n i n g  of  t h e  s a t u r a t i o n  
r a n g e .  T h i s  s a t u r a t i o n  r a n g e  i s  d e f i n e d  by 
m i l i t a r y  s t a n d a r d s  (9)  a s  t h e  a r e a  on t h e  
c u r v e  where  t h e r e  w i l l  b e  l e s s  t h a n  a  1 0  p e r  
c e n t  i n c r e a s e  i n  t h e  a r c  h e i g h t  o f  t h e  s t r i p  
a f  t e r  d o u b l i n g  t h e  e x p o s u r e  t i m e  (See F i g .  1 5 ) .  

C a l i b r a t i o n  f i x t u r e s  f o r  g e a r i n g  may 
o f t e n  b e  formed from t h e  g e a r  i t s e l f .  A s  
shown i n  F i g .  1 6 ,  t h e  b l o c k  h a s  been  mounted 
i n  t h e  p l a n e  t o  b e  peened on t h e  g e a r .  T h i s  
g e a r  w i l l  b e  used  f o r  c a l i b r a t i o n  p u r p o s e s  
o n l y .  

The s a t u r a t i o n  c u r v e  i s  a n  i m p o r t a n t  
p a r t  o f  t h e  c o n t r o l s  u s e d  b e c a u s e  p r o p e r  
i n t e n s i t y  i s  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  
s u c c e s s  o r  f a i l u r e  of  a  p a r t  i n  f a t i g u e .  
Too h i g h  of  a  s h o t  mass o r  v e l o c i t y  may damage 
t h e  g e a r s ,  w h i l e  t o o  low a n  e x p o s u r e  t i m e  w i l l  
p r o d u c e  r e s i d u a l  compress ive  s t r e s s e s  t h a t  
a r e  t o o  low (See F i g .  1 7 ) .  

INTENSITY - T h i s  c o n t r o l  p o i n t  i s  gauged 
by s t r i p s  known a s  Almen s t r i p s .  T h e r e  a r e  
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MAINTENANCE OF SHOT INTEGRITY - The 
second c o n t r o l  a r e a  is t h e  maintenance of 
s i z e  and shape of t h e  peening media. Media 
used i n  s h o t  peening should be  s p h e r i c a l  
and non-porous (See Fig .  18 ) .  

When me ta l  s t r i k e s  meta l ,  something w i l l  
break down. I n  a shot-peening o p e r a t i o n ,  
t h e  s h o t  w i l l  degenera te  i n t o  unacceptable  
shapes  and s i z e s .  I f  t h e s e  shapes a r e  used 
i n  t h e  peening o p e r a t i o n ,  s t r e s s  risers can 
be produced on t h e  peened s u r f a c e  due t o  t h e  
sharp-edged c o n f i g u r a t i o n s .  I n  a d d i t i o n ,  
sho t  mass is  reduced wi th  a p r o p o r t i o n a t e  
dec rease  i n  i n t e n s i t y .  

1. Acceptable Shape8 

2. Unacceptable Shapes 

3. Unacceptabla Shapcs 

Acceptable  and Unacceptable Peening 
Media F i g .  18  

It i s  mandatory t h a t  sho t  be  in spec ted  
dur ing  r e g u l a r  i n t e r v a l s  t o  prevent  s h o t  
d e t e r i o r a t i o n  t o  unacceptable  shapes  and 
s i z e s .  S ince  sho t  i s  expensive,  t y p i c a l l y  
a s  i t  degene ra t e s  s h o t  w i l l  be  removed from 
t h e  machine and c l a s s i f i e d .  Th i s  i s  done 
i n  a machine known a s  a c l a s s i f i e r ,  which 
has a s e r i e s  of s c r e e n s  l o c a t e d  below a 
hopper which w i l l  s i f t  t h e  improper s i z e s  
from t h e  good s i z e s .  A f t e r  t h e  s h o t  has  been 
sepa ra t ed  by s i z e ,  i t  is  metered i n t o  a 
s p i r a l .  Shot t h a t  i s  s p h e r i c a l  w i l l  r o l l  t o  
t h e  o u t e r  edge of t h e  s p i r a l  a s  i t  moves 
down and w i l l  drop o f f  i n t o  t h e  nex t  lower 
s p i r a l .  Shot t h a t  is of an improper shape  
cannot r o l l  and w i l l  b e  conf ined t o  t h e  f i r s t  
s p i r a l .  By t h e  t ime t h e  sho t  has  t r a v e l e d  

through t h e  s c r e e n s  and t h e  s p i r a l ,  i t  w i l l  
be  s o r t e d  by s i z e  and shape.  

COVERAGE - The t h i r d  c o n t r o l  a r e a  is 
coverage.  A s u r f a c e  t h a t  i s  t o  be peened 
should have a complete dimpling of t h e  
s u r f a c e ,  a s  shown i n  F ig .  19B. The s u r f a c e  
should never  look l i k e  F i g .  19A. Zn F ig .  19A 
t h e r e  a r e  many a r e a s  t h a t  have n o t  been 
covered wi th  i n d e n t a t i o n s .  As a r e s u l t ,  
t h e s e  a r e a s  a r e  surrounded by compressive 
s t r e s s e s ,  y e t  t hey  a r e  a r e a s  of t e n s i l e  s t r e s s .  

I f  a r o o t  f i l l e t  on a gea r  had only  
p a r t i a l  coverage,  t h e  f l a t  o r  undimpled a r e a s  
would now c a r r y  h ighe r  t e n s i l e  stresses and 
subsequent premature f a i l u r e  of t h e  p a r t  i s  
poss ib l e .  On h a r d e r  s u r f a c e s ,  t h i s  dimpling 
of t h e  s u r f a c e  becomes more d i f f i c u l t  t o  
d e t e c t  by t h e  naked eye.  Two accep tab le  
techniques  have been developed t o  determine 
proper coverage.  These a r e .  

A) Visua l  examination by t h e  use  of a 
1 O X  magnifying g l a s s ;  

B) Examination by Dyescan us ing  t h e  
Peenscan p rocess .  

V i sua l  examination by a 10X g l a s s  is  
se l f - exp lana to ry .  The obse rve r  i n s p e c t s  t h e  
peened s u r f a c e  t o  check f o r  f u l l  coverage.  

I n s p e c t i o n  by t h e  use  of Dyescan i s  
accomplished by c o a t i n g  a p a r t  i n  t h e  a r e a  
t o  be  peened w i t h  t h e  Dyescan l i q u i d .  Under 
normal l i g h t i n g  t h e  s u r f a c e  w i l l  appear  g los sy ,  
bu t  under "b lack  l i g h t "  t h e  Dyescan coated 
s u r f a c e  w i l l  "glow." A f t e r  a machine has 
been c a l i b r a t e d  f o r  i n t e n s i t y  and s h o t  
i n t e g r i t y ,  t h e  Dyescan coated  p a r t  i s  placed 
i n  t h e  machine and peened. The Dyescan can 
only  b e  removed by a d i r e c t  impingement on 
t h e  s u r f a c e  o r  by an impingement no more than 
15 degrees  of dead c e n t e r .  

A f t e r  t h e  s u r f a c e  of t h e  p a r t  has  been 
peened, t h e  p a r t  is  removed and in spec ted  
under "b lack  l i g h t . "  The a r e a s  t h a t  have 
n o t  been peened c o r r e c t l y  w i l l  "glow," and 
i n d i c a t e  incomplete coverage (See F ig .  20).  

Percentage  of coverage can a l s o  be  
determined by obse rva t ion  a t  t h e  s u r f a c e .  
Coverage less than 100 pe r  c e n t  i s  unacceptable  
and inc reased  peening t ime w i l l  be necessary  
(See Fig .  21).  

Only t h e  i n i t i a l  se t -up  p i ece  and 
s e l e c t e d  p i e c e s  dur ing  t h e  p a r t  run a r e  in spec t -  
ed by Peenscan. 
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Detec t ion  of Improper Coverage 
F i g .  20 

ADDITIONAL CONTROLS - The s ta te-of- the-  
a r t  i n  peening c o n t r o l s  i n d i c a t e s  a  t r end  
toward t h e  use  of microprocessors  f o r  d a t a  
s t o r a g e  and d i s p l a y  of p a r t  set-up.  Th i s ,  
coupled w i th  i n t e r l o c k s  t o  t h e  proccss  
machinery, s e n s o r s  t o  monitor sho t  f low, 
t u r n t a b l e  r o t a t i o n  and o t h e r  key c o n t r o l  
a r e a s  a r e  p a r t  of a  new gene ra t ion  i n  peening 
c o n t r o l s .  V i o l a t i o n  of t h e  moni tor ing  p o i n t s  
w i l l  s i g n a l  a  microprocessor ,  which w i l l  
au tomat i ca l ly  shu t  down t h e  p rocess .  

SUMMARY 

I n  gea r ing ,  sho t  peening i s  e f f e c t i v e  
i n  t h e  fo l lowing a r e a s :  

A) Inc reas ing  f a t i g u e  s t r e n g t h ;  
B) Inc reas ing  gea r  l i f e  by decreas ing  

problems wi th  reduced d u r a b i l i t y  
caused by p i t t i n g ;  

C) Aiding i n  l u b r i c a t i o n  of t h e  gear ing;  
D )  E l iminat ing  s t r e s s  r i s e r s  along t h e  

t o o t h  f l a n k s  caused by machining 
marks. By producing a  homogenous 
dimpled s u r f a c e  and peening i n  t h e  
"green s t a t e  " s t r e s s  r i s e r s  can be 
e l imina ted .  

Shot peening i s  an  e f f e c t i v e  t o o l  i n  
t h e s e  a r e a s  i f  proper  c o n t r o l  techniques  a r e  
used. These c o n t r o l  techniques  a r e :  
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A) The a b i l i t y  t o  c o r r e c t l y  de t e rmine  
t h e  peening  i n t e n s i t y ;  

B) The a b i l i t y  t o  remove improper ly  
s i z e d  and shaped media;  

C) The a b i l i t y  t o  a s s u r e  complete 
coverage  of  t h e  a r e a  t o  b e  peened.  
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