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ABSTRACT 

This paper presents an overview of high production shot peening technology for 
automotive applications where specific fatigue strength benefits must be 
produced. Requirements, challenges, and benefits are discussed in light of auto 
industrytrends. Examples of process engineeringtestwork required and successes 
from a technology and cost viewpoint are provided. 
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INTRODUCTION 

Due to the intense competitive pressure within the auto industry, especially in 
the areas of technology, quality, and cost, and the demand for greater fuel 
economy and performance, technological advances in engine and drive train systems 
as well as increases in design strength/weight are necessary to survive. 

The potential fatigue strength benefits sf shot peening are well known within 
certain engineering circles. However, cost/effective utilization of the process 
to impact component design has been limited due to lack of reliability. The 
statistical reliability or capability of every manufacturing process is 
increasingly recognized as one of the critical arenas in the battle for quality. 
If the shot peen process is to become a "process of choice" to increase 
strength/weight characteristics of component design, rather than a process of 
last resort, it must become a statistically capable process whose process 
parameter values and tolerances are based upon workpiece specific fatigue data. 

A statistically capable process is one which meets a predetermined level of 
conformance resulting in acceptable product variability. The capability of a 
process is quantified via a capability index (Cpk) that defines the percentage 
of conforming product within a normal distribution of process parameter 
measurements taken over time. A Cpk index is determined by the range of process 
parameter data and the distribution of that process parameter data with respect 
to the mean of a bilateral tolerance or control limit. The bilateral tolerance 
for each process parameter, that can affect workpiece fatigue strength, defines 
the maximum variation around a nominal value that will still produce acceptable 
product variability within the design intent. 

Table I lists the peening process parameters that can affect workpiece fatigue 
strength. 



1. shot velo.city 
2. Shot diameter 
3. Shot size distribution 
4. Shot shape 
5. Shot hardness 
6. Shot type 

8. Shot impact angle 
9. Shot flow rate 
10. Shot blast pattern 
11. Nozzle to workpiece 

relationship 
12. Workpiece exposure time 

Table I: Peening process parameters that can affect workpiece fatigue 
strength. 

The issues and steps surrounding the engineering of a statistically capable 
process are too numerous to be contained within the confines of this paper. 
Issues such as the statistical reliability of the almen test strip measurement 
system, engineering for cumulative process parameter tolerance stack up, 
designing statistically reliable peening machines, etc., will be addressed in 
subsequent publications. 

The scope of this paper will be to describe the starting point for engineering 
a statistically capable shot peen process; defining optimum almen intensity 
value. (See [ 11 for details of almen intensity development) . Due to the required 
confidentiality of most of the testwork performed at Advanced, the example 
presented is taken from two previous publications, [I] [2] The subsequent work 
of identifying the optimum nominal value for each of the parameters in Table I 
and its direct effect on fatigue strength will be presented in a future paper. 

BACKGROUND 

Numerous publications support the fact that unique optimum peening process 
parameter values or ranges exist for specific workpiece characteristics. [2 ] [3] 
[ 4 ]  [ 5 ]  As far back as 1943, John Almzn identified the concept sf an i n t e n s i t y  
"sweet zone, " [5] Simpson and Chiasson [4] studied the effect of almen intensity 
on fatigue life in Ti alloys, A1 alloys and AISI 4340 steel hardened to 48 - 50 
Rc. They concluded that optimum fatigue life performance through shot peening 
is influenced by balancing the benefits of process induced residual compressive 
stress and peening induced surface damage. There is a relationship between almen 
intensity and the forming of surface laps or peened surface extrusion folds 
(PSEF). Beyond an intensity threshold, PSEF is produced which begins to 
deteriorate fatigue strength optimum value. 

The purpose for this testwork was to determine the optimum almen intensity range 
for a carburized helical gear by evaluating tooth bending fatigue life, residual 
stress, and the influence of PSEF. 

Test Procedures 

TEST GEARS - The gear material was AISI/SAE 4023 steel. The gear was carburized 
at 925 C (1700 F) and oil quenched such that the case depth to the hardness 
of 
50 RC is in the range of 0.75 - 1.15 nun (0.030 - 0.045 inches). The gear was then 
tempered at 200 C (400F) so as to maintain the surface hardness of 58 Rc minimum. 
(See Figure 1) 

SHOT PEENING - The shot peening machine used was equipped with a microprocessor. 
The process parameter nominal values and tolerances were programmed into the 
microprocessor. In the event of a process parameter value exceeding the set 
tolerance the microprocessor would alarm, shutdown the peening machine, indicate 



which p a r a m e t e r  was a t  f a u l t  and r e t a i n  i n  memory t h e  n e c e s s a r y  i n f o r m a t i o n  t o  
c o n t i n u e  t h e  p e e n i n g  c y c l e  from t h e  p r o c e s s  i n t e r r u p t  p o i n t  once  t h e  f a u l t  w a s  
c o r r e c t e d .  T h e r e  w e r e  no a l a r m s  d u r i n g  t h e  p e e n i n g  o f  t h e  t e s t  specimens .  

The g e a r s  w e r e  peened t o  110% workpiece  s a t u r a t i o n ,  whic 
r e q u i r e d  t o  r e a c h  100% almen s a t u r a t i o n  (See  [ I ]  ( 6 )  f o r  
s a t u r a t i o n ) ,  t o  t h r e e  almen i n t e n s i t y  "Aw l e v e l s  (0 .012 ,  0 .  
u s i n g  s h o t  s i z e  o f  S-230, and t o  one almen i n t e n s i t y  " C n  

w i t h  S-280 s h o t .  A l l  o t h e r  p a r a m e t e r s  w e r e  h e l d  c o n s t a n t  
g i v e n  i n  T a b l e  11, e x c e p t  f o r  a i r  p r e s s u r e  ( s h o t  v e l o c i t y  
when t h e  i n t e n s i t y  i n c r e a s e d ,  

P a r a m e t e r  Value  

S h o t  f l o w  r a t e  
Workpiece  S a t u r a t i o n  
Lance s p e e d  
Lance s t r o k e  l e n g t h  
Specimen r o t a t i o n  
Angle o f  impac t  
A i r  p r e s s u r e  
S h o t  s i z e  & shape  

S h o t  Hardness  
Almen s t r i p  f l a t n e s s  
Almen s t r i p  h a r d n e s s  

h  was d o u b l e  t h e  t i m e  
d e t e r m i n i n g  workp iece  
018, and 0 .024 i n c h e s )  
l e v e l  o f  0.008 i n c h e s  
w i t h i n  t h e  t o l e r a n c e s  
- )  which was i n c r e a s e d  

+ 2  oz/min - 
110%(200% Almen S a t u r a t i o n  2 10% 
9 in /min + 1 i n / m i n  
9 i n  If: 5% 
30 rprn 2 1 rprn 
90 d e g r e e s  2 2% 
+ 1 p s i  - 
Exceeds MIL-S-13165-B 
T a b l e  1 r e q u i r e m e n t s  
54-60 HRC 
+ 0.0005 i n  - 
45  HRC 2 1 HRC 

T a b l e  11. Shot  Peen ing  P r o c e s s  P a r a m e t e r s .  

TOOTH F O L D I N G  P I N  

I / 
\ 

, . .  

Figure  1 Testwork helical  gear 
O u t p t  Gear Fatigue Test Fi.uture 



Each t e s t  g e a r  had two t e s t  t e e t h  l o c a t e d  90 d e g r e e s  from t h e  o t h e r .  One o f  
t h e  two t e e t h  was masked d u r i n g  p e e n i n g  t o  p r o v i d e  a  c o r r e s p o n d i n g  unpeened 
b a s e l i n e  v a l u e .  ~ e i g h b o r i n g  t e e t h  were ground away a f t e r  p e e n i n g  t o  a v o i d  
damaging t h e  g e a r  h o l d e r  p i n s  when t o o t h  f a i l u r e  o c c u r r e d .  

FATIGUE TEST - S i n g l e  t o o t h  bending f a t i g u e  t es t s  were  conduc ted  u t i l i z i n g  a  
r o t a t i n g  mass t y p e  o f  t e s t  machine (Sonn tag  Model SF-10) w i t h  10 ,000  l b s  l o a d i n g  
c a p a b i l i t y .  The t e s t  f i x t u r e  i s  shown i n  F i g u r e  2 .  The l o a d  w i t h  an  a m p l i t u d e  
of 2 ,500 l b s  f o l l o w e d  a  s i n u s o i d a l  waveform w i t h  a  mean l o a d  o f  3 ,200  l b s  i n  
t e n s i o n - t e n s i o n  ( R  = 0 .12)  a t  30 H z .  

RESIDUAL STRESS MEASUREMENT AND SCANNING 
ELECTRON MICROSCOPY - X-ray d i f f r a c t i o n  
r e s i d u a l  stresses were  de te rmined  u s i n g  a  
two a n g l e  s i n e - s q u a r e d  - p s i  t e c h n i q u e .  
Measurements w e r e  made a t  t h e  s u r f a c e  and 
a s  a  f u n c t i o n  o f  d e p t h  i n  t h e  r o o t - t o -  
crown ( r a d i a l )  d i r e c t i o n  j u s t  above t h e  
r o o t  f i l l e t  r a d i u s  o f  a  t o o t h .  A s c a n n i n g  
e l e c t r o n  m i c r o s c o p e  (SEM) was u s e d  t o  
o b s e r v e  s u r f a c e  topography  changes due  t o  
s h o t  p e e n i n g .  

RESULTS & DISCUSSION 

F i g u r e  3 shows t h e  d a t a  produced d u r i n g  t h e  
f a t i g u e  l i f e  v e r s u s  almen i n t e n s i t y  s t u d y .  
I n c l u d e d  on t h i s  d a t a  p l o t  i s  t h e  d a t a  from 
t h e  same g e a r  peened i n  a  c o n v e n t i o n a l  
c o n t r o l l e d  h i g h  p r o d u c t i o n  o p e r a t i o n  i n  an  
a u t o m o t i v e  p l a n t  t o  a  24A almen i n t e n s i t y .  
~ l t h o u g h  t h e  almen intensity ach ieved  was 
i d e n t i c a l ,  t h e  sub-parameter  v a l u e s ,  such  
a s  impact  a n g l e ,  s h o t  s i z e  u n i f o r m i t y  and 
b roken  p a r t i c l e  c o n t e n t ,  a s  w e l l  a s  t h e  
l e v e l  o f  w o r k p i e c e  s a t u r a t i o n  w e r e  
d i f f e r e n t .  These  g e a r s  were f a t i g u e  t e s t e d  
on t h e  same machine  and f i x t u r e  a s  t h e  
o p t i m i z e d  peened  d a t a .  T a b l e  111 t a b u l a t e s  
mean and W e i l b u l l  B-10 l i f e  from F i g u r e  3. 
The 24A specimen d e m o n s t r a t e s  t h e  h i g h e s t  
mean and B-10 l i f e .  
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A L M E N  INTENSITY 

F i g u r e  3 E f f e c t  of Alrnen 
i n t e n s i t y  on f a t i g u e  l i f e  

T a b l e  111. Mean and B-10 l i f e  c y c l e s  t o  f a i l u r e  o f  v a r i o u s  specimen g r o u p s  

The f a t i g u e  l i f e  s c a t t e r  i s  b r o a d e r  t h a n  n o r m a l l y  e x p e r i e n c e d  f o r  t h i s  t y p e  o f  
t e s t w o r k .  Unpeened b a s e l i n e  e x h i b i t s  t h e  b r o a d e s t  s c a t t e r  w i t h  t h e  mean 
r e l a t i v e l y  h i g h  i n  compar ison t o  s h o t  peened mean l i f e  v a l u e s .  T h i s  i s  d u e ,  i n  
p a r t ,  t o  LCF ( l o w  c y c l e  f a t i g u e )  t e s t i n g  i n s t e a d  o f  HCF ( h i g h  c y c l e  f a t i g u e ) .  



The t e s t  s tress f o r  HCF was t o o  low f o r  t h e  c r a c k  t o  p r o p a g a t e  t o  complete  
f a i l u r e .  A LCF mode was n e c e s s a r y .  T e s t i n g  i n  a  LCF mode s u p p r e s s e s  t h e  
i n f l u e n c e  t h a t  d i f f e r e n t  p r o c e s s  p a r a m e t e r  v a l u e s  have  upon f a t i g u e  l i f e .  The 
r e a s o n  f o r  t h i s  i s  i l l u s t r a t e d  i n  F i g u r e  4. ~ d d i t i o n a l l y ,  t h e  l i f e  span i n  
c r a c k  p r o p a g a t i o n  domina tes  t h e  f a t i g u e  l i f e  i n  a  LCF t e s t .  I t  i s  t h e r e f o r e ,  
d i f f i c u l t  t o  d e t e c t  any i n f l u e n c e  t h a t  t h e  changes  i n  a lmen i n t e n s i t y  w i l l  have 
on c r a c k  i n i t i a t i o n .  

S i n c e  t h i s  t e s t w o r k ,  t h e  u s e  o f  automated c r a c k  d e t e c t i o n  t e c h n o l o g y  o r  se rvo-  
h y d r a u l i c  f a t i g u e  t e s t  machines  a l l o w s  for HCF t e s t i n g  w i t h  f a t i g u e  l i f e  
d e t e r m i n e d  v i a  c r a c k  i n i t i a t i o n .  T h i s  r e s u l t s  i n  v e r y  p ronounced  optimum v a l u e s ,  
s i m i l a r  t o  t h o s e  found i n  r e f e r e n c e  [ 4 ] .  
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F i g u r e  5 shows t h e  r e s i d u a l  s t r e s s  d i s t r i b u t i o n s  o f  unpeened and peened  g e a r s .  
Each o f  t h e  s h o t  peened g e a r s  maximum magni tude  o f  r e s i d u a l  s t r e s s  i s  a t  l e a s t  
f i v e  t i m e s  t h a t  of  t h e  unpeened g e a r .  The o v e r a l l  a g g r e g a t e  amount o f  r e s i d u a l  
s t r e s s  ( a r e a  b e n e a t h  t h e  c u r v e )  i s  s e e n  t o  i n c r e a s e  w i t h  i n c r e a s i n g  almen 
i n t e n s i t y .  Between 01002 i n c h e s  and 0 .004  i n c h e s ,  t h e  r e s i d u a l  compress ive  
s t r e s s  f o r  spec imen  24A i s  h i g h e r  t h a n  a l l  o t h e r s .  The 8 C  specimen e x h i b i t s  t h e  
l o w e s t  v a l u e  o f  r e s i d u a l  compress ive  s t r e s s  a t  t h e  s u r f a c e ,  i n c l u d i n g  t h e  
unpeened s p e c i m e n .  

F i g u r e  6 shows SEN p h o t o g r a p h s  o f  t h e  v a r i o u s  unpeened  and peened  c o n d i t i o n s  
s t u d i e d .  The hob machining marks and t o o t h  e d g e  b u r r s  a r e  c l e a r l y  v i s i b l e  on 
t h e  unpeened  g e a r  and a r e n ' t  e n t i r e l y  o b l i t e r a t e d  u n t i l  t h e  24A specimen.  The 
24A spec imen  shows what a p p e a r s  t o  b e  t h e  e a r l y  s t a g e s  o f  PSEF f o r m a t i o n  w h i l e  
t h e  8 C  i l l u s t r a t e s  pronounced PSEF. T h i s  PSEF may h a v e  c o n t r i b u t e d  o r  b e  s o l e l y  
r e s p o n s i b l e  f o r  t h e  low magni tude  of s u r f a c e  r e s i d u a l  c o m p r e s s i v e  stress 
e x h i b i t e d  b y  t h e  8 C  c o n d i t i o n .  

SUMMARY & CONCLUSIONS 

1. The optimum almen i n t e n s i t y  i s  c l o s e  t o  24A w i t h  S-230 s t e e l  s h o t  i n  a  54- 
6 0  HRC h a r d n e s s  r a n g e .  

2. Mean f a t i g u e  l i f e  of  optimum peened g e a r s  i n c r e a s e d  by more t h a n  200% when 
compared w i t h  unpeened g e a r s  a t  a  v e r y  h i g h  t e s t  l o a d .  

3 .  Optimum peened g e a r s  improved t h e  mean and B - 1 0  f a t i g u e  l i f e  by 100% and 
a l m o s t  3 5 0 %  r e s p e c t i v e l y ,  compared w i t h  p r o d u c t i o n  g e a r s  c o n v e n t i o n a l l y  
p e e n e d  t o  t h e  optimum 24A i n t e n s i t y .  

4. The improved f a t i g u e  l i f e  f o r  24A peened g e a r s  i s  a t t r i b u t e d  t o  t h e  h i g h e s t  
c o m p r e s s i v e  r e s i d u a l  s t r e s s  i n c u r r e d  a t  t h e  s u r f a c e  a s  w e l l  a s  o v e r a l l  
maximum r e s i d u a l  s tress magni tude ,  w h i l e  e x h i b i t i n g  l i t t l e  PSEF. 



Unpeened 

Figure  6 SEM photographs of unpeened, 
12A, 18A, 24A, and 8 C  gea r  
s u r f a c e s  



5.  The s h o r t e r  f a t i g u e  l i f e  i n  8C peened g e a r s  i n d i c a t e s  t h a t  o v e r p e e n i n g  i s  
p o s s i b l e  d u e  t o  t h e  f a c t  t h a t  optimum f a t i g u e  s t r e n g t h  i s  a b a l a n c e  be tween 
p e e n i n g  i n d u c e d  r e s i d u a l  stresses and s u r f a c e  damage i n d u c e d  by  s h o t  
p e e n i n g .  

The n e x t  s t e p  i n  e n g i n e e r i n g  a  s t a t i s t i c a l l y  c a p a b l e  p r o c e s s  i s  t o  d e f i n e  t h e  
a c c e p t a b l e  t o l e r a n c e  o f  e a c h  p e e n i n g  p r o c e s s  p a r a m e t e r  l i s t e d  i n  T a b l e  I. T h i s  
i s  accompl i shed  v i a  s i m i l a r  t e s t w o r k  which by -passes  t h e  a lmen t es t  s t r i p  
measurement s y s t e m  and  relates  e a c h  p r o c e s s  p a r a m e t e r  d i r e c t l y  t o  a c c e p t a b l e  
f a t i g u e  s t r e n g t h  v a r i a b i l i t y .  The need  t o  e l i m i n a t e  t h e  v a r i a b i l i t y  i n t r o d u c e d  
by t h e  almen t e s t  s t r i p  measurement s y s t e m  i n  o r d e r  t o  e n g i n e e r  a s t a t i s t i c a l l y  
c a p a b l e  p r o c e s s  w i l l  b e  a d d r e s s e d  i n  f u t u r e  p u b l i c a t i o n s .  

Eve ry  l l p r o c e s s  o f  c h o i c e "  must  have  a j u s t i f i a b l e  b e n e f i t / c o s t  r a t i o .  The 
e x t e n s i v e  f a t i g u e  t e s t i n g  r e q u i r e d  f o r  a s t a t i s t i c a l l y  c a p a b l e  f a t i g u e  s t r e n g t h  
b a s e d  p r o c e s s  c a n  b e  q u i t e  e x p e n s i v e .  However, when t h e  b e n e f i t s  are compared 
t o  c o n v e n t i o n a l  c o n t r o l l e d  p e e n i n g  and  t h e  t e s t w o r k  c o s t s  a m o r t i z e d  o v e r  t h e  l i f e  
o f  t h e  p a r t ,  t h e  i n v e s t m e n t ,  i n  most  c a s e s ,  i s  p r o f i t a b l e .  The f o l l o w i n g  i s  a  
b r i e f  d e s c r i p t i o n  o f  r e c e n t  t e c h n o l o g i c a l  and c o s t  r e d u c t i o n  a c h i e v e m e n t s  
a t t r i b u t a b l e  t o  s h o t  p e e n i n g .  

1. I n c r e a s e d  t o r q u e  r a t i n g  o f  an  a u t o  t r a n s m i s s i o n  f rom 165  f t .  l b s .  t o  215 
f t .  l b s .  ( h o r s e  power r a t i n g  i n c r e a s e d  from 135 h p  t o  220 h p ) .  

2. I n c r e a s e d  t o r q u e  r a t i n g  o f  a n  a u t o  t r a n s m i s s i o n  f rom 126  f t .  l b s .  t o  165 
f t .  l b s .  ( h o r s e  power r a t i n g  i n c r e a s e d  rom 96 h p  t o  135  h p ) .  

3 .  I n c r e a s e d  c r a n k s h a f t  f a t i g u e  l i f e  o v e r  f i l l e t  r o l l i n g  f rom 665,000 c y c l e s  
t o  7 ,277 ,000  c y c l e s ,  r e p r e s e n t i n g  15% g r e a t e r  f a t i g u e  s t r e n g t h .  

4. I n c r e a s e d  Austempered D u c t i l e  I r o n  hypoid  r i n g  and p i n i o n  set  f a t i g u e  l i f e  
b y  150% o v e r  c a r b u r i z e d  s t e e l ;  a  10% s a v i n g s  i n  c o s t  and  w e i g h t .  

5 .  I n c r e a s e d  f l y w h e e l  f l e x p l a t e  B-10 l i f e  o v e r  c o n v e n t i o n a l  c o n t r o l l e d  p e e n i n g  
by  362%. 

6.  p r e c i s i o n  s h o t  p e e n i n g  5454 a u t o m o t i v e  whee l s  p roduced  a  mean l i f e  i n c r e a s e  
o f  470% w i t h  a r e d u c t i o n  i n  s c a t t e r .  131 
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