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Historically, shot pceninq has denonstrated the 
ptential for subtantial increases in fatigue 
strength. The lack of consistency in reprcxlucing 
these values in prdwtion can be traced to inadsquate 
testmrk data behind the process specification and 
inadequate prcduction p m e m  cont~ul . 
The authors present the type. of testwrk necessary to 
produce a process specification wherein the optinun 
pr-wtzr ~ A ~ I !  va?*as p,--;c?.xtion eal,-r3ii3e6 
necessary to obtain a rm-nimrm fatigue strength value 
are defined. The use of microprocessor controlled 
+t peening equipnent to produce speckn conditions 
representing strategically selected prarrreter values, 
and the fatigue testmg of conrltant implit& 
followd by dymmmeter validation are necessary. 
Depending u p n  the wrkpiece characteristics and its 
workload enviromnt, over a half dozen process 
parameter naninal values and acceptable tolermes aa 
well as numerou sub-prmtere m ~ t  be def i d .  

This paper will describe P a r t  1 of the teetwrk, which 
is to identify the optimm nami~l value of the 
process parameter called almen intensity. 

The opportunity exists for significant increases in 
fatig~ze life through shot peening. Optimizinq the 
benefits of the procese, and safely imrpratiny the 
benefits into the design of the ccrrpnent, enabling 
incrtxising the de~ign rating, weight renwal, or 
utilization of a less expensive miterial, requires the 
f 01 lowing : 

A )  Discovery: 

1. Identification df all shot peening related 
variables and process p r a t e r s  that can 
affect workpiece fatigue life. 

2 .  ~etablisbt: of o p t k  levels and 
t.oleran,-ea of mch ~dridblt?. 

Conslsteritly controlling and mnitoring the 
o p t l n ~ x n  levels of each variable wlthin the 
required tolerances in prductlon volurres and 
81-wp eriv r m m n  t s . 

Another way of stating it, the challenge ie one of: 

1) Predictability 

2 )  Reproducibility 

3 Verifiability 

There currently exists no knawn way to 
nordestructively verify the correctness of the ahot 
peening process. One critical step toward achieving 
verification ia the cloae mnitorinq and recording of 
critical p-em pramtera and caqmring the with 
optimization teatwork data and tolerances. The goal 
of the testwork p e r f o d  urder this pmject is to 
develop the optimization testkork data and tolerances 
for a Chrysler transmission output gear. 

The result will be a procesa specification providing 
for the incorpration of the optimized ahot peening 
rewlts into the design fatigue strength. The 
resultant higher atrength/weight properties present 
options to the aqineer such a8 redwing weight, 
increasing the atrese capacity or substitution of a 
leas ex-ive material. 

The waxrjsful ampletion of a two -IMY teat program 
rquirea : 

1. Establishment of ' a l m  intensity ard saturation 
optimnn d ~ l  values and the corresponding 
fatigue strength. 



2 .  E s t a b l i s h n t  o f  p&tion t o l e r a n c e s  invo lv ing  
t h e  r e m i n i n g  procress p r c m t e r e  and 
sub-parameters necessa ry  to a m m p l i s h  t h e  above 
o b j e c t i v e .  

Although s h o t  peening p r m t e r  op t imiza t ion  s t u d i e s  
have prev ious ly  been p e r f o d ,  very l i t t l e ,  i f  any 
have  involved the p r e c i s e  p rocess  c o n t r o l  p m e d u r e s  
and the s i n g l e  tooth f a t i g u e  t e s t i n g  u t i l i z e d  i n  t h i s  
project on a c a r b u r i z e d  h e l i c a l  gear. 

The p rocess  p a r m e t e r s  a r e  optimized i n  dec reas ing  
o r d e r  o f  their r e l a t i v e  i n f l u e n c e  on f a t i g u e  strength. 
I n  most cases, once workpiece s a t u r a t i o n  has  exceeded 
loo%, almen i n t e n s i t y  is t h e  most dominant p rcxess  
parameter  and t h e r e f o r e  is opt imized f i r s t .  

A l m n  i n t e n s i t y  is a n  i n d i r e c t  mcthnd of moni tor ing 
t h e  aggrega te  a m t  o f  energy t r a n u f c r  or r c ~ i d u a l  
ccrrpress ive  stresses i n p s d  to the  workpiece, the 
mthod enploys  t h e  use o f  a s t r i p  of 1070 s p r i n g  
s t e e l ,  44 Rc-50 R c ,  a s  i l l u s t r a t e d  i n  Figure  1. For 
t h i s  s tudy  a l m n  A s t r i p e  were U R C ~  lrp to an  i n t e n ~ i t y  
o f  0 .024AW.  T h e r e a f t e r ,  the t h i c k e r  C s t r i p  wau d. 

TEST STRIP "Att 

Figure  1 

The strip is mounted to a n  a l m n  block,  a s  ahown i n  
F igure  2 ,  and exposed to t h e  b l a s t  i n  i d e n t i c a l  
f a s h i o n  as t h e  critical a r m  of  t h e  workpiece, w i t h  
t h e  sarrre p r o c e s s  parameters .  

HOLDING FIXTURE WllTH TEST STRLP 

i:ol2in=, 
Fixture Figure .  2 

A f t e r  peening,  the almen s t r i p  is remved  £run the 
b l m k  and the w n t  o f  bcxJ is rmamred by a n  almen 
gage. T h i s  r r c a s u r m n t  is called a r c  he igh t .  (See 
Figure  3 . )  

Almen  S t r l p  
\ 

Measuranent of Arc Height 

F igure  3 

A l m n  i n t e n s i t y  is a r c  h e i g h t  a t  s a t u r a t i o n .  I t  is 
q u a n t i t a t i v e l y  d e v e l o p 4  by p l o t t i n g  a r c  h e i g h t  vs. 
c x p m r c  tim to thc b l a u t .  A l m n  m t u r n t i o n  i~ 
d c f i n e d  a s  the minimrn arc h e i g h t  where doub l ing  t h e  
e x p m r e  t imc  to the b l a ~ t  results i n  l e s s  than a 10% 
i n c r e a s e  i n  a r c  h e i g h t ,  a s  i l l u s t r a t e d  i n  F igure  4.  

S a t u r a t i o n  Curve Quantifies Almn S a t u r a t i o n  

F i g u r e  4 



I n i t i a l  p ~ r a m t e r  selection reflected past Phase I arsd 
Phase  I1 research perfonrd by Advanced f o r  the U.S. 
Air Force Wright Aeronautical Labs, and experience 

w i t h  case: hardened steels 1). This  reaearch ind ica tes  
that op t imm f a t i g u e  l i f e  through d m t  peening i a  a 
balance between the b e n e f i t s  of peening i n d d  
r e s i d u a l  ocrrpressive stresses, which is &pendent u p n  
their magnit& and d i s t r i b u t i o n ,  and peening induced 
s u r f a c e  damage. I n  the case of a l m  i n k m i t y ,  there 
i a  a r e l a t i o n s h i p  to the forming of l a p s  on the 
s u r f a c e  o r  Peened Surface Extrusion Folds (PSEF),  The 
higher  the i n t e n s i t y ,  i n  r e l a t i o n  to t h e  workpiece 
hardness, the nrore f requent  and deeper PSEF produced. 
I n  the case of w r k p i e c e  saturation, the w r k  
hardenabi l i ty  and hardness of the workpiece and/or 
media n u t e r i a l  in f luences  the  p o i n t  a t  which 
a d d i t i o n a l  co ld  worhnq  o r  exposure time to b l a e t ,  
w i l l  r e a u l t  i n  micro-cracka o r  s t r a i n  cracking of t h e  
surf ace. 

Although t h e  e f f e c t  of the micro-cracka and PSEF is 
mi t iga ted  m k a t  by the fact t h a t  they a r e  
mcroscopica l  l y  encapsulated i n  res idua l  cvnpreasive 
stresses, their formation still  has a n q a t i v e  
in f luence  p n  f a t i g u e  s t r e n g t h  when maximizing 
f a t i g u e  s t r e n g t h  is the goal .  As they increase  i n  
s i z e  and f r l l q u e r q  ttut inf lucnrx  can becorn 
pronounced. 

Thus, when increas ing  va lues  of a l m n  i n t e n s i t y  a r e  
p l o t t e d  a g a i n s t  f a t i g u e  l i f e  a curve is developed 
where f a t i g u e  l i f e  i n c r e a s e s  to a w i n t ,  and then  
dec l inee  with f u r t h e r  i n c r a i s e s  i n  alrwn i n t e m i t y .  
Iden t i fy ing  t h l x  p s k  i n  the  prpose: f o r  the Par t  I 
teatwork, 

The f a t i g u e  l i f e  data is developed by A vs .  B 
constant arrplltude f a t i g u e  t e s t i n g  of individual  gear 
teeth. 

9%e f a t i g u e  t e s t i n g  is designed to: 

S i n u l a t e  t h e  t y p ~ :  and d i s t r i b u t i o n  of s t r e s s e s ,  
n o t  necessar i ly  the magnitude, produced i n  the 
r o o t  f i l l e t  a r e a  during operat ion.  

Provide a f a t i g u e  test condi t ion  t h a t  is invar ian t  
f r a n  spxirtr-n to specimen a l l w i n g  t h e  c a r p r i a o n ,  
i n  tcnnr of r e s u l t a n t  f a t i g u e  l i f e ,  of incremental 
changes of s t r a t e g i c a l l y  targeted prcceea 
p a r a m t e r s ,  e s s e n t i a l l y  A/B  ccmparison t e s t i n g .  

The prrpose of the f a t i g u e  t e s t i n g  was not to p e r f o m  
v a l i d a t i o n  textwork o r  t o  a i m l a t e  ac tua l  operat ional  
condi t ions .  Once the optirrun parameter values have 
k e n  deternii~4, then v a l i d a t i o n  t e s t w r k  s i rmla t ing  
a c t u a l  opera t iona l  conditions should be p e r f 0 4  on 
g e a r s  peened Lo t h e  optinun p m e s s  p r a m e t e r s .  

PROCEDURES 

% shot m i n g  w h i n e  used waa gquiRped with  a 
nucroprocessor. % proceaa parameter n m ~ l  values 
and t o l e r a n c e s  were pmgramed i n t o  the 
mcraprocessor . I n  the event  of a process  parameter 
va lue  exceeding the set to le rance  the micropnxeaaor  
would a l a m ,  ghut the peening rrrachine down, indicate 
which parameter was a t  f a u l t  and retain i n  rnerrary the 
necessary information to continue the peening cycle 
f r u n  the process i n t e r rup t  p o i n t  once the fault waa 
correctsd. 

There w e r e  no a l a m  dur ing  the prec i s ion  peening of 
the test apcimens. 

The g e a r s  e r e  stacked on a r o t a t i n g  s p i n d l e  with 
m r s  to a l low access  to the f a t i g u e  c r i t i c a l  areas. 
Three 3/16" d i e t e r  direct pressure  venturi n o z z l e s  
m t e d  I n  nonadjustable  f i x t u r e a  s t roked the r o t a t i n g  
s t a c k  (st* Figure 5 ) .  

POLYMEK HOLD. F I X .  ?' S P A C E R S  

1. The gear  n u t e r i a l  is AISI/SAE 4023 steel. The 
gear was carbur ized  a t  925 C (1700 F) and o i l  quenched 
such t h a t  the case depth to the hardness of 50 RC is 
i n  the range of 0.75 - 1.15 mn (0.030 - 0.045 inches) .  
The gear was then tenpered a t  200 C (400 F) eo a s  to 
m i n t a i n  the s u r f a c e  hardnesa of 58 RC m i n k .  

S c h t i c  of Gar Spcimn Peening A r r a g e e n t  

Figure 5 



The i n i t i a l  parameters of 0.018A" and 0.024AW a t  110% 
m r k p i e c e  s a t u r a t i o n  were chosen i n  t h e  search f o r  
optimm a l m n  i n t e n s i t y  values.  

100% wrkpiece s a t u r a t i o n  was o r i g i n a l l y  e s t h t e d  to 
be 175% to 180% of almen s a t u r a t i o n  b a d  upon 
nethewtical r e l a t i o n s h i p s  derived from p a s t  reuearch. 
P r i o r  to peening, t h e  tooth f lanka  and mts were 
coated with a f l o u r e s c e n t  t r a c e r  dye. The gear  was 
then peened to almen s a t u r a t i o n  and examined under a 
black l i g h t  and then  under a binocular  microwope a t  
20X plwer. The dye was still  presen t  and the pxned 
s u r f a c e  was e s t h t e d  to be 60% covered. 

The gear  was then  peened an addi t iona l  l o t  of t h  
equal  to 50% of  the timE? t h a t  was required t o  reach 
almen s a t u r a t i o n  and re-examined. There was no 
evidence of dye on the aurface,  however, the coverage 
based u p n  examination of t h e  inpingement inpressions 
was est imated to be only 90%. 

An a d d i t i o n a l  expo-sure t i r e  of 50% a l m n  s a t u r a t i o n  
t h  r e s u l t e d  i n  100% coverage and 110% m r k p i r x e  
s a t u r a t i o n  based u p n  our o r i g i n a l  ca lcu la t ion .  
Therefore a l l  of t h e  gears f o r  the a l m n  i n t e n s i t y  
s tudy were peened t o  110% workpiece s a t u r a t j o n  by 
e x p s i n g  than  t o  t h e  b l a s t  f o r  double the m m t  of 
time required to reach 100% almen s a t u r a t i o n .  

A l l  o t h e r  w r a n w t e r s  were held cons tan t ,  wi th in  the 
to le rances  shown i n  Table I ,  increasing only a i r  
p ressure  ( s h o t  v e l o c i t y )  t o  increase  almen in tenni ty  
and increas ing  s h o t  s i z e  frcm S-230 to S-200 a t  an 
a l m n  i n t e n s i t y  of 0,08Cm. 

Table I 

Peening P r m e s s  P a r a t e r  Vaiues and/or Tnierances 

Process P a r m t e r  Ncminal Value and/or  Tolerance 
L 

Shot Flcm Rate 

Workpiece S a t u r a t i o n  

Lance Speed 

Lance Stroke Length 

Spc imen Rotat ion 

Angle of met 

A i r  Pressure 

Shot S i z e  and Shape 

Shot Hardness 

Almen S t r i p  F la tness  

Almn S t r i p  Hardness 

+ / -  2 oz/rnin 

110% = 200% a l m n  s a t u r a t i o n  
+/ -  10% 

9 inches/min. + / -  1 inch/min. 

9 inches +/-  5% 

30 rpn +/-  1 rpn 

90 degrees + / -  2% 

+/ -  1 pi 

Exceeds MIL-S-13165-B Table I 

54 RC - 60 Rc 

+/-  0.0005 inch 

45 R c  +/-  1 R c  

2. Since the test program was d i r e c t e d  towards 
increas ing  the s t r e n g t h  of the root f i l l e t  a r e a ,  the 
f a t i g u e  test d e  chosen was high c y c l e  c a n t i l e v e r  
bending of a s i n g l e  tooth a t  a time. The f a t i g u e  test 
m c h i n e  u t i l i z e d  was a Sonntag SF-10 r o t a t i n g  mass 
typz with an appl ied load c a p b i l i t y  of 10,000 l b s  and 
an accuracy of + / -  2% £run the set load. The appl ied  
load was monitored v i a  a load cell placed between the 
load platform and the gear  a rbor  f i x t u r e .  

The f a t i g u e  test f i x t u r e  is ahown i n  Figure 6. The 
s t r u c t u r e  was manufactured out of c o l d  r o l l e d  steel. 
The a rbor  was c a r h i z e d  and hardened. Each test gear 
was nounted on the arbor  with i ts  own set of bear ings  
and was f r e e  to r o t a t e .  The test t o o t h  and opposing 
tooth holding p i n s  were manufactured f m  A-2 steel 
d isks .  

TOOTH H O L D I N G  PIN 

I 3> 

Outprt  Gear Fat igue Tes t  F ix ture  

Figure 6 

The involu te  of the m t i n g  t r a n s f e r  gear  was ground 
a& the periphery of the disk .  P i e  shaped wedges 
were c u t ,  f m  which t h e  gear  t o o t h  holder  p i n  was 
mchined. The p i n s  where then thru-hardened to 60 Rc .  

The gear holder  p i n s  were f r e e  to rotate i n  needle 
bear ings  and were a d j u s t a b l e  hor izona l ly  f o r  tooth 
engagement . 
Each test gear had two test teeth located 90 degrees 
fmn the o ther .  O n e o f  the two t e e t h  was masked 
during peening to provide a corresponding unpeened 
baseline value.  Neighborinq t e e t h  were ground away 
a f t e r  peening to avoid darnaging t h e  gear holder  p i n s  
when tooth f a i l u r e  oocurred. (See Figure 7 . )  



RESULTS 

Outpt Gear with 'lho Isolated Test Teeth A & B 

Figure 7 

T.k ID nf t!!e test, g a r  was mmtd 
was free to rotate on its bearings. 
was held in position via the holder 
omsing four teeth were poaitionod 
holder pin to assure failure in the 

err t!! a r b r  a d  
The teat tooth 
pin while the 
in the oppsite 
test tooth. 

Because the tooth width of the holder pin was wider 
than the test both, allowing the pin freedcm to 
rotate assured an even load across the test tooth 
pitch line. The cantilever bending of the test tooth 
wan accorrpliahed via oxillation of the arbor holder 
relative to the tooth holder pins. The streas ratio R 
was 0.1 and A wae 0.818. T h u  the t a t  tooth b o t h  
radius was subjected to only fluctuating tensile 
stresses. In an attenpt to keep the tooth engaganent 
line constant fran gear b gear the holder pins were 
adjusted into the test gear pitch circle as far as 
they w l d  go. 

Ficfure 8 ehowe the data produced during the fatigue 
life versus almen intensity stdy. Figure 9 
illustrates the aam? data plot -ring additional 
fatigue data p r o d 4  f m  the same gear peened in a 
conventional high produztion fashion to a 0.024An 
almn intensity. Although the almen intensity 
achieved was identical the sub-parameter values, such 
a8 irrpact angle, shot size uniformity and braken 
particle content, as well ae the level of workpiece 
saturation were different. These gears were fatigue 
tosted on the same machine and fixture as the 
precision peened data. Table 2 tabulates mean and 
Milbull 8-10 life f r m  Figure 9. 

The two parameter Weibull with 90% reliability was 
calculated by using a cmpter program developed by 
the NASA L.ewia Research Center. The plotted Weibull 
values are the result of an iterative procees etarting 
with the entire population of data. The highest data 
vallle in the p l a t i o n  is then remved awl the 
resultant B-10 value -red with the first. As long 
as the B-10 value continues to increase the 
oorreqmnding highest data value is rmved frcm the 
popllatlon and a new 8-10 life is calculated. (Xw=e 

the 8-10 life decreases in value fran the one 
previously calculated, that previous or highest B-10 
value is us& in the data plot. 

DISCUSSION 

The fatigue life scatter is broader than normally 
experlencd for this type of testmrk. Unpeened 
baseline exhibits the broadest scatter wlth the mean 
relativeiy hl-,h, in ccxpariw:: +a s b t  -74 life 
values. This is due, in part, to LX3F (low cycle 
fatigue) testing instead of tlCF (high cycle fatigw). 

The test stress for HCF was too low for the crack to 
propogate to ccmplete failure. A LCF mx3P: was 
necessary. Testing in a LCF rmde suFf?resses the 
influence that different process prameter values have 
upon fatigue life. The reason for this is illustrated 
in Figure 10. 

Table 2 

MEAN AND B-10 LIFE CYCLES TO F A I W  OF VARIOUS SPECIMEN CZU3WS 

: W E L I N E :  12A 18A 24A 8C : PEENED 
I I I I I I 
I I I I I I 
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A = P e e n e d  v s .  Unpeened 
F a t i g u e  L i f e  

D i f f e r e n c e  HCF 

B = Peened vs.  Unpeened 
F a t i g u e  L i f e  

D i f f e r e n c e  LCF 

References 

The increase in mt.an l i f e  of the A d v a d  peened 
0.02QAu i n t e n s i t y  group corrpared to the 
conventional  production peened 0.024AN i n t e n s i t y  
grocrp was 100% and the imrease i n  B-10 l i f e  was 
almost  350% (see Table 2 ) .  

The data p a t t e r n  illustrated i n  Figure 8 is in 
agreement with data p l t t e r n a  developed in -st 
testwork ard supports the o r i g i n a l  premise that 
over  peening i e  very p o s s i b l e  due to the fac t  
that optimm f a t i g u e  strength is a balance between 
the peening i n d d  residual a x p r e s e i v e  stresses 
ard peening irdwed ~ u r f a c e  k g e .  

I 
I 

45k- /+- A 4  

N u m b e r  o f  C y c l e s  t o  F a i l u r e  

Figure 10 

The S / N  curve of a pxmal and unpeened workpiece mew 
a t  t h e  y i e l d  s t r e n g t h ,  Sy, of the material .  
Therefore,  as the  mean test s t r e s s  apl)rcaches y i e l d  
t h e  d i f f e r e n t i a t i o n  between peened and unpeed 
faticjue l i f e  is reduced. T h i s ,  n a t u r a l l y ,  r e d m e  the 
d e t e c t a b l e  in f luence  that changes i n  a l m n  i n t e n s i t y  
o r  s a t u r a t i o n  w i l l  have on f a t i g u e  l i f e .  

The r e s u l t  is f a t i g u e  l i f e  versus almen i n t e n s i t y  and 
f a t i g u e  l i f e  versus  s a t u r a t i o n  curves t h a t  lack the 
very pronounced peak o r  optirmm that would be present 
f o r  HCF t e s t i n g .  

A l l  t e s t w r k  performed to date a t  Advanced Material 
Process Corporation has prodwed r e s u l t s  of increasing 
mean and/or  B-10 f a t i g u e  l i f e  a s  a l w n  i n t e n s i t y  i a  
increased u n t i l  optirmxn f a t i g u e  l i f e  is obtained. 
Further  increases i n  a l m n  i n t e n s i t y  r e s u l t  i n  
decreaxes i n  f a t i g u e  l i f e .  The data i l l w t r a t e d  i n  
Figure 8 does fol low t h i s  p a t t e r n .  

This  data p l o t  irdicates t h a t  the optimm a l m  
i n t e n s i t y  occurs b t w e e n  0.018AV and 0.008Cu. Both 
t he  m a n  l i f e  and the  kitxlll £3-10 l i f e  corm. 

A. The optimm a l m n  i n t e n s i t y  is close to 0.024Am 
with S-230 steel s h o t  54 I i c  to 60 Kc hardneee 
(see Figure 8 , 

1) Slrrpeon, R. 3. and Chiasaon, G. L., 1988, 
"Quantif icat ion of  the Effec t8  of  Various k v e l s  
o f  Several  C r i t i c a l  Shot Peen Process  Var iab les  on 
Workpiece Surfaoe I n t e g r i t y  and the Resultant 
Effect  on Wrkpiece  Fat ique L i f e  Behaviorn 
Technical Report AFWAL1R-88-3029, F l i g h t  Dynarmcs 
Laboratory, Air  Force Wright Aeronautical 
Laboratories ,  Air  Force S y 8 k n s  CcmMnd, Wright- 
Pat ternon A i r  Force Base, Ohio. 

B. The i n c r e a s e  i n  nean l i f e  unpeened carpared to 
optirmm p e n e d  was 237% a t  a very high t e a t  
stress (BC- Table 2 ) .  


