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Fa t igue  l i f e  increases,  by o r d e r s  o f  magnitude, can be expected 

on compressor components t r e a t e d  by Shot Peen~ng  -- a  c o n t r o l l e d  pro-  
cess t h a t  i nvo l ves  t h e  bombardment o f  t he  metal component by m i l l i o n s  
o f  sphe r i ca l  p a r t i c l e s  o f  s t e e l ,  g l ass  o r  ceramic. Shot Peening i s  
being a p p l i e d  t o  c ranksha f ts  and con-rods o f  huge r e c i p r o c a t i n g  com- 
pressors  and t o  the  smal l  va l ve  reeds,  o n l y  a  few thousands o f  an 
inch  t h i c k ,  t h a t  are  t he  h e a r t  o f  r e f r i g e r a t i o n  and a i r  c o n d i t i o n i n g  
sea led u n i t s .  I n  what i s  perhaps t h e  " u l t i m a t e "  I n  des ign o f  a x i a l  
and c e n t r i f u g a l  compressors, the modern j e t  engine,  Shot Peening i s  
used on a l l  r o t a t i n g  p a r t s ,  as w e l l  as many o f  t he  s t a t i o n a r y  ones, 
t o  p reven t  premature f a i l u r e s  f rom metal  f a t i g u e ,  co r ros i on  and f r e t -  
t i n g  f a t i g u e ,  and f rom s t r e s s  c o r r o s i o n  c rack ing .  

The paper reviews these and o t h e r  a p p l i c a t i o n s  f o r  compressor en- 
g ineers  so t h a t  they w i l l  be a b l e  t o  increase t he  l i f e  and/or t he  
load ing  on bo th  new and e x i s t i n g  des igns,  w i t hou t  i nc reas ing  size o r  
adding weight  t o  c r i t i c a l  com~onents .  The c o n t r o l l i n g  parameters o f  
t he  Shot Peening process a re  a l s o  d iscussed.  

HISTORICAL BACKGROUND 

Shot Peeninq was f i r s t  used, i n  s p roduc t i on  a p p l i c a t i o n ,  t o  ex -  
tend t he  l i f e  o f  the  va l ve  sp r i ngs  f o r  t he  B u ~ c k  and C a d l l l a c  engines 
o f  t he  e a r l y  1930s (Ref.  1 ) .  The process was d iscovered a c c i d e n t a l l y  
and, a l though the  b e n e f i t s  were soon recognized,  i t  was severa l  years 
before a mechanism was proposed and even longer  be fo re  i s  was general-. 
l y  accepted. I t  was recognized,  a t  t he  t ime,  t h a t  f a t i g u e  cracks i n l -  
t i a t e d  under repeated t e n s i l e  loads .  John Almen pos tu l a ted  t h a t  sho t  
peening produced t he  increases i n  f a t i g u e  l i f e  f rom the  i n t r o d u c t i o n ,  
o f  a  h-igh r e s i d u a l  compressivg s t r e s s ,  which remained j u s t  below 
t h e  sur face  o f  t he  p a r t  ( F i g ,  1 ,  Ref .  2 1 .  

FIGURE 1. EXAMPLE OF RESIDUAL STRESS PROFILE CREATED BY SHOT PEENING. 

I n  most applications for  shot peening, the benefit obtained i s  the direct re- 
sul t  of the resldual compressive stress produced. A t y  rcal  prof i le  of resldual 
compressive stress as i t  changes w l  th depth i s  shown. ?t has four important 
characteristics: 

1 )  SS - Surface stress - The stress 
measured a t  the surface. 
2 )  CS max - Haxlmum Corn ressive 
Stress - The maximum vaeue of the 
compressive stress induced, which 
normally i s  highest just below the 
surface. 
3 )  d  - Depth - The depth of the com- 
pressive stress i s  the point at 
which the compressive stress cross- 
es over the neutral axis and be- 
comes tens1 l e .  
4 ) .  TS max - Maximum Tensile Stress 
- The maximum value o f  the tensile 
stress ~nduced. The offsett ing ten- 
s! le stress i n  the core of the mate- 
r i a l  balances the surface la  e r  o f  
compressive streqs so that t x e  part 
remains i n  equilibrium. TS max 
must not be allowed t o  become large 
enough to  create e a r l y  lnternal 
f a 1  lures. 
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Any a p p l i e d  t e n s i l e  loads,  a f f i r m e d  Almen, would have t o  
overcome t h i s  r e s i d u a l  compression be fo re  a  crack cou ld  s t a r t .  Fur-  
thermore,  Almen cla imed t h a t  many p a r t s  ( s p r i n g s ,  f o r  i ns tance ,  from 
the  c o i l i n g  ope ra t i on )  had i n  them, f rom manufactur ing,  r e s i d u a l  ten-  
s i l e  s t r esses ,  t h a t  when added upon by t he  t e n s i l e  loads,  would f u r -  
t h e r  c o n t r i b u t e  t o  the  p a r t ' s  e a r l y  f a i l u r e .  Shot Peening, he s a i d ,  
reversed t he  su r f ace  res i dua l  s t r e s s  f rom tens ion  t o  compression, 
account ing f o r  t he  very g rea t  improvements i n  f a t i g u e  l i f e  t h a t  a re  
t y p i c a l  o f  t he  process.  The academic community was almost t o t a l l y  
opposed t o  John Almen's t h e o r i e s  s i nce ,  a t  t h e  t ime ,  the  presence o f  
r e s i d u a l  s t r esses  i n  metals was n o t  recognized i n  engineering ca lcu -  
l a t i o n s .  The advent o f  F rac tu re  Mechanics e v e n t u a l l y  v i n d i c a t e d  
Almen's p o s i t i o n .  Today, we n o t  o n l y  recognize res i dua l  ( o r  s e l f )  
s t resses ;  we a re  ab le  t o  measure them w i t h  a  cons iderab le  degree o f  
cons is tency ,  p r i m a r i l y  by x-ray d i f f r a c t i o n .  

Cons idera t ion  O f  Residual St resses -- -- - -- - .- - ---- - -- - - - - - - 
I f  t h e  p a r t  i s  d imens iona l ly  c o r r e c t ,  a re  r e s i d u a l  s t resses  a l l  

t h a t  impo r tan t ,  i n  a  f a t i g u e  a p p l i c a t i o n ?  A very  c u r r e n t  case i s  an 
e x c e l l e n t  i l l u s t r a t i o n .  A group of  eng ineers  a re  developing a  t o r -  
s i o n  bar f o r  a space a p p l i c a t i o n  ( t h e  exac t  n a t u r e  i s  " c l a s s i f i e d " ) .  
They c a r e f u l l y  ground t he  t e s t  t o r s i o n  bars  t o  produce the  f i n a l  pro-  
f i l e  and a smooth sur face.  The unpeened t o r s i o n  bars ,  a t  the  a p p l i e d  
load  l e v e l ,  averaged c lose  t o  a  m i l l i o n  cyc les  t o  f a i l u r e  and t h e  
s t r e s s  a n a l y s t  i n  t he  group f i g u r e d  f rom t h i s  i n f o rma t i on ,  t h a t  sho t  
peening would about double the  l i f e  o f  t h e  ba rs ,  t o  two m i l l i o n  
cyc les :  s u f f i c i e n t  f o r  t he  a p p l i c a t i o n .  To h i s  s u r p r i s e ,  the  f i r s t  
(and o n l y )  Shot Peened t o r s i o n  bar  t h a t  they t e s t e d  ran f o r  1 6 6  m i l -  
l i o n  cyc l es  when t h e  t e s t  was d iscon t inued .  

F I G U R E  2.  R E S I D U A L  S T R E S S  IN 4340 STEEL ( H R C  50) A F T E R  S U R F A C E  G R I N D I N G .  

Graph shows the stress distr ibut ion 
created by d i f ferent  grinding tech- 
niques - conventional, abusive and 
gentls. It i s  qulte evident that 100 
conventional gr~nding and abusive 
r indin can (enerate high magnl- 

resi ual tensile stress a t  gudes o? d 80 
or near the surface of the parts. 
This tensi le stress w i l l ,  o f  
course, dramatically affect fatigue 
resistance. Z fio 
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The s t r e s s  a n a l y s t  had based h i s  c a l c u l a t i o n s  on the  assumption 
t h a t  t he  unpeened t o r s i o n  bars were i n  a  " n e u t r a l "  s t a t e  o f  s t r e s s  be- 
f o r e  any loads were app l ied .  I n  r e a l i t y ,  t he  g r i n d i n g  ope ra t i on  had 
i n t r oduced  r e s i d u a l  t e n s i l e  s t r esses ,  which i n  extreme cases can actu-  
a l l y  exceed the y i e l d  s t r eng th  o f  t h e  meta l  ( F i g .  2 ,  Ref .  3 ) .  The 
f a i l u r e s  a t  a  m i l l i o n  cyc les  ware a c t u a l l y  premature f a i l u r e s  caused 
by t he  d e b i t i n g  e f f e c t  o f  the  g r i n d i n g  s t r esses .  When the  bars were 



Shot Peened, t h e  s u r f  ace r e s i d u n l  s t r e s s e s  were r e v e r s e d ,  from c lose  
Lo t h e  y i e l d  s t r e n g t h  i n  t e n s i o n  t o  c l o s e  t o  t h e  y i e l d  s t r e t l g t h  i n  
compression o r  n d e l t a ,  i n  t h i s  case,  o f  aver- 300 K S I ,  rhe  Shot Peer)- 
i n g  a c t u a l  l y  r a i s e d  t h e  endurance 1 i m i t  o f  t h e  t n r s l o n  b a r s  we1 1 ove r  
t h e  s t r e s s  l e v e  l apD 1 i e d  i r - r  t h e  t e s t i n g ,  r o t ~ t r i b u t . i n g  t o  v i rt,un \ 1 y i n -  
f i n i t e  l i f e .  Not  a l l  a D p l i c a t i o n s  o f  Shot  Peening a r e  so d r a m a t ~ c  
b u t  t h i s  i s  a  good reminder  t h a t  r e s i d u a l  s t r e s s e s ,  d e t r i m e n t a l  o r  
b e n e f i c i a l ,  s h o u l d  n o t  be i gno red .  

R e a l i z i n g  t h a t  t h e  Purdue Conference i s  d i r e c t e d  31rnost e x c l u s i v n -  
1 y  a t  eng i n e e r s  i n v o l v e d  w i t h  srnal 1 compressors f o r  r -e f r - i  ger-at i o n  and 
a i r  c o n d i t i o n i n g ,  we t h o u g h t  i t  wauld be u s e f u l  t o  r e v i e w ,  ( ~ u r t e  
b r i e f l y ,  some o f  t he  a p p l i c a t i o n s  o f  t h e  Shot Peening p rocess  i n  t h e  
v e r y  l a r g e  o r  v e r y  d i f f e r e n t  compressors t h a t  a r e  found i n  o t h e r  i n -  
d u s t r i e s ,  s i n c e  much can be l e a r n e d  from them. Then, we want t o  be 
more s p e c i f i c  i n  d i s c u s s i n g  t h e  b e n e f i t s  o f  Shot  Peening For v a l v e  
reeds and r i n g s  s i n c e  ou r  un ique  success i n  t h i s  a r e a  has p r o p e l l e d  
Me ta l  Improvement Comoany t o  become one o f  t h e  l e a d i n g  manufac tures  
o f  these v e r y  c r i t i c a l  components. 

SHOT PEENING FOR I N D U S T R I A L  AND AIRCRAFT COMPRESSORS 

ff e s j  p r p c a  t_t ng__&.~rn~r_~,s_sgr-s 
1 . C r a n k s h a f t s  a r e  most ccmmonly peened i n  t h e  f i l l e t s  o f  t h e  

p l n s  and mains t o  ~ r o d l - ~ c e  l nc renses  i n  f a t l g u e  s t r e n g t h  o f  up t o  30%. 
Cranksha f t s  have a l s o  been peened I n  t h e  0 1 1  h o l e s  and keywzys (Fig. 
3 ,  R e f .  4 ) .  

FIGURE 3. INCREASE I N  FATIGUE STRENGTH OF SHOT PEENED CRANKSHAFTS. 

The most hlghly stressed area o f  a  crwkshaf t  i s  the crank p l n  bearlrig f ?  l l e t .  
The hign stress p o ~ n t  l 5  the bottom s i d e  o f  the f ~ l l e t  when the p i n  i s  i n  the top 
dead center p o s ~ t ~ o n  during the t i r i n g  cycle. I t  i s  common for clacks t o  init1at.e 
i n  t h l s  oln F 1 l  l e t  and propagate through the web o f  the crankshaft to the adjacent 
maln bearin f i l l e t ,  causing f a t i  ue fa i lu re .  A l l  s ~ z e s  ot crankshafts resnond 
we1 1 ,,lo sho? peenlnq, from small 81gh speed shafts w ~ t h  lournal bearin 
i ~ f  1 to large slow s eed shafts having ournaI bearlng d imeters o f  ?('d:%ek::. 
~ ~ ~ e r i e n c e  h ls  shown t!e process to  be ef$ectlve on forged stael,  cast steel,  nodu- 
lar iron. and austem~ered d u c t ~ l e  iron. UYIIILATIVG t l i i i  c 
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2 .Connec t i ng  Rods a r e  u s u a l l y  peened ~ r i o r  t o  machining, t o  p r s -  
v e n t  F a t i g u e  f a i l u r e s  i n  t h e  I-beam s e c t i o n  b u t  some l a r g e  ones a r e  
a i so peened i n  t h e  o  i 1 h o l e s  and i n  t h e  f i 1 l e t s  by t h e  b o l  t s .  F r e t -  
t i n g  f a t i g u e  i s  p r e v e n t e d  by  peen ing  t h e  s e r r a t i o n s  between t h e  r o d  
and t h e  cap, t h e  b e a r i n g  s u r f a c e s ,  and t h e  b o l t  h o l e s .  

3 .  Connect ing  Rod B o l t s  a r e  s h o t  peened f o r  a x i a l  f a t i g u e  i n  
t h e  shank t o  head f i l l e t  and f o r  f r e t t i n g  f a t i g u e  i n  t h e  shank i t -  
s e l f .  Scmetimes, t,he t h r e a d  r o o t s  a r e  peened, wh ich  can i m p a r t  t o  a 
c u t  t h r e a d  a lmos t  t h e  same f a t i g u e  s t r e n g t h  as a  r o l l e d  t h r e a d .  

4 .  Tie-Rod B o l t s  a r e  used i n  v e r y  l a r g e  compressors t o  h o l d  the  
assembly t o g e t h e r  o r  a r e  used J u s t  around t h e  c y l i n d e r  heads. These 
b o l t s  a r e  peened f o r  t h e  same reasons as t h e  c o n n e c t i n g  r o d  b o l t s  de- 
s c r i b e d  above. 

5 .  T a i l  Rod C y l i n d e r s  arc! peened a t  t h e  i n t e r s e c t i o n s  j ~ f  c ross -  
bo res  t o  p r e v e n t  c r a c k  i n i t i  a t i  on .  

6 .  Hyper Cups a r e  used t o  h o l d  the  sea i  around t h e  push rods  of 
v e r y  h i g h  p r e s s u r e  ( a p ~ r o a c h l n q  50,000 ,PSI) cornnressors. The Shot  
Peeninq r e t a r d s  f a i l u r e s  f rom band ing  and f r e t t i n g  f a t i g u e .  

7 ,  R i n g  and S t r i p  Va lves  a r e  edge f i n ;  shed 2nd peened i'or , v e r y  
h i g h  cycle f a t i g u e .  



The geometry o f  t he  reed i s  u s u a l l y  the  f l r s t  consideration and 
one over which t he  manufacturer o f  the  reed has l i t t l e  c o n t r o l .  Actu- 
a l l y ,  t h e  des igners  a re  much b e t t e r  served if they i nc l ude  the manu- 
f a c t u r e r  a t  an e a r l y  stage o f  the  design.  A manufacturer o f  reeds 
should n o t  j u s t  be ab le  t o  stamp o u t  metal  shapes: he must thorough- 
l y  understand a l l  t he  f a c t o r s  t h a t  i n f l u e n c e  t he  l ~ f e  expectancy of a  
va lve .  For ins tance ,  t he  diameter of  a  mounting h o l e  o r  the  w ~ d t h  of 
a  s l o t ,  w i t h i n  obvious l i m i t s ,  may have l i t t l e  i n f l u e n c e  on the  e f f i -  
c iency of a  reed b u t  they can c r e a t e  d i f f i c u l t i e s  f o r  reed maker 
t h a t  w i l l  impact bo th  on t h e  l i f e  and t h e  c o s t  o f  a  reed.  The reed 
maker must have a  complete knowledge o f  m a t e r i a l s ;  s t r esses  ( a p p l i e d  
and r e s i d u a l ;  b e n e f i c i a l  and d e t r i m e n t a l ) ;  how l i f e  i s  a f f e c t e d  by  
edge geometry, su r face  c o n d i t i o n s ,  hea t  and co r ros i on ;  and t h e  i n f l u -  
ence o f  bending, t o r s i o n  and impact loads.  Because h i s  s p e c i a l i t y  i s  
va lves (and n o t  compressors) the  reed manufacturer can be o f  g rea t  
va lue t o  t he  des igner .  

The i d e a l  va l ve  reed would open f u l l y  and c l o s e  t o t a l l y  i n  zero 
t ime:  and l a s t  f o r e v e r .  We c e r t a i n l y  a re  n o t  t h e r e  y e t  b u t  an evo lv -  
i n g  technology,  based on a  more complete unders tand ing o f  t he  many 
phenomena invo lved ,  i s  t a k i n g  t he  bes t  reed makers ever c l o s e r .  We 
know t h a t  t h e r e  a r e  a t  l e a s t  f i v e  areas t h a t  must be g iven  a t t en -  
t i o n :  1 .  Choice o f  m a t e r i a l ,  2.  Stamped edges, 3 .  Removal o f  de fec t s  
and de t r imen ta l  s t resses ,  4 .  Edge rounding,  5 .  Depth and magnitude o f  
b e n e f i c i a l  s t r e s s .  We w i l l  address each o f  these i tems i n d i v i d u a l l y  
b u t  i t  must be remembered t h a t  a l l  a re  very  much i n t e r r e l a t e d .  For 
ins tance ,  maximiz ing # 5 ,  i n  theory  would a l l o w  t h e  use o f  t h i n n e r  
s t e e l  ( # I )  so t h a t  t h e  reed would f l e x  more and f a s t e r  b u t  main ta in-  
i n g  f l a t n e s s  cou ld  then become a  d i f f i c u l t y  t h a t  would compromise t h e  
reed 's  a b i l i t y  t o  c l ose  t o t a l l y .  Overcoming t h i s  d i f f i c u l t y  i s  t h e  
p rov ince  o f  a  good reed maker and much has been done i n  t h i s  area.  
Pursuing a l l  o f  t h e  above i tems t o  t he  maximum o f  c u r r e n t  technology 
w i l l  produce a  reed c l o s e s t  t o  t he  i d e a l .  The e x t e n t  o f  t h i s  p u r s u i t  
i s  governed by t h e  cos t  cons ide ra t i ons  o f  t he  a p p l i c a t i o n  and the  
degree o f  e f f i c i e n c y  t h a t  t he  des igner  wishes t o  o b t a i n  f o r  the  comp- 
ressor .  Designers need t o  be aware o f  t he  o p t i o n s  a v a i l a b l e  t o  them. 

Choice o f  M a t e r i a l  .- -- - 
There i s  much i n fo rma t i on  wuhl ished by t he  suwp l i e r s  o f  va lve  

s t e e l s  and i t  i s  n o t  our  p rov ince  t o  rev iew i t  i n  d e t a i l .  H igh car -  
bon s t r i p  i s  t h e  cho ice f o r  t h i n  reeds and i s  supp l i ed  and stamped i n  
t h e  pre-hardened c o n d i t i o n .  N i c k e l - a l l o y e d  s t e e l  i s  u s u a l l y  used f o r  
t h i c k e r  va l ves  and hardened a f t e r  stamping. S t a i n l e s s  i s  p r e f e r r e d  
f o r  a p p l i c a t i o n s  where co r ros i on  can be a  problem ( F i g .  4 ,  Ref .  6 ) ,  
such as i n  t he  presence o f  a i r ,  water o r  steam, d i l u t e  o rgan ic  ac i ds  
and sulphurous fumes. A c o r r o s i v e  environment w i l l  always lower f a -  
t i g u e  p r o p e r t i e s ,  even i n  s t a i n l e s s  s t e e l s ,  b u t  t he  e f f e c t  can be 
l a r g e l y  over come by the  i n t r o d u c t i o n  o f  h i g h  r e s i d u a l  compressive 
s t resses .  

FIGURE 4. STRESS CORROSION CRACKING. 

Effect of shot peening wi th  40-80 m l a s s  shot on thq t imes  t o  f a i l u r e  t o  
type 304 and 341 s t a i n l e s s  steels l o  a bogling 42% magneslurn c h l o r l d e  solution. 
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Stamped Edgss - - - -- -. - -- 
A f a t i g u e  f a i l u r e  w l l l  always nuc lea te  a t  t he  p o i n t  o f  g r e a t e s t  

s t r e s s  concen t ra t i on :  sometimes a t  an ~ n c l u s i o n  i n  the  s t e e l ,  b u t  i n  
the case o f  va l ve  reeds, a lmost always a t  a su r face  d e f e c t  c rea ted  by 
t he  stamping ope ra t i on  (Re f .  7 ) .  A l l  subsequent opera t ions ,  l . e . ,  
edge rounding, removal o f  de fec t s  and ~ n t r o d u c t i o n  o f  b e n e f i c i a l  
s t resses ,  a re  a l l  performed p r i m a r i l y  t o  remove o r  o f f s e t  these sur -  
face d e f e c t s  f rom stamping. The technology o f  produc ing good reeds 
1s t o t a l l y  t ~ e d  t o  t he  technique o f  produc ing stamped edges t h a t  a r e  
as f r e e  f rom de fec t s  as possible. The importance o f  t h ~ s  w i l l  become 
more apparent  as we look a t  t he  subsequent opera t ions .  

p_em.w a l s f  __ Qe_ f e_c_ t_s-._a n__d D&?rA rna~%~l-SL.~e&~ss_ 
There a re  a v a r i e t y  o f  processes a v a i l a b l e  t o  the  reed maker t o ,  

e s s e n t i a l l y ,  wear away the  stamped edges and smooth o u t  the  s t r e s s  
concen t ra t i ng  de fec t s .  A11 a re  very  time-consuming (and c o s t  r a i s -  
l n y )  and have l i m i t a t i o n s ,  e s p e c i a l l y  f rom reed geometry. For ~ n s -  
tance,  rough edges o f  narrow s l o t s  and smal l  ho les  are  very  d i f f ~ c u l t  
t o  smooth o u t  w i t h o u t  l o o s i n g  dimensions on the more exposed edges. 
S t a r t i n g  w i t h  stamped edges t h a t  a re  e s s e n t i a l l y  f r e e  o f  de fec t s  i s  
paramount here.  A lso,  t h e  stamping o p e r a t i o n  in t roduces  r e s i d u a l  
t e n s i l e  s t r esses  a t  t he  edges o f  t h e  reed. A good edge f i n i s h i n g  
process, such as STRESS-LITE, ( F i g .  5 ,  Ref.  8 )  w i l l  reverse these 
de t r imen ta l  r e s i d u a l  t e n s i l e  s t resses  i n t o  b e n e f i c i a l  compressive 
s t r esses  b u t ,  aga in ,  s t a r t i n g  w i t h  a near p e r f e c t  stamping makes t h e  
s t r e s s  r e v e r s a l  process n o t  on l y  more e f f e c t i v e  bu t ,  i n  some cases, 
even p o s s i b l e .  

FIGURE 5. LCF OF SUCTION VALVE, I N  THREE CONDITIONS. 

The bar chart shows the performance of a part icular valve f o r  which f i l ed  f a i l -  
ure data have been s ta t i s t l ca l l  related,to a low cycle/high stress condition, 
thereby permitting accelerated Yife tes t~ng.  This suction valve i s  used i n  an a i r  
condi t ion in$ hermetic compressor. 
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E &e-_Round i_ng - 
Bending and t o r s i o n a l  s t r esses  a re  concent ra ted n o t  o n l y  by notch- 

es ( s u r f a c e  de fec t s )  bu t  a l s o  a t  sharp o u t s l d e  corners .  Therefore ,  
even i f  we had a t h e o r e t i c a l  l y  p e r f e c t  stamped edge, i t  would s t i  11 
be necessary t o  use processes t h a t  w i l l  round t he  edges and d i s t r i b -  
u t e  the  a p p l i e d  s t r esses  over a g r e a t e r  area.  Here, aga in ,  the  q u a l i -  
t y  o f  t he  stamped edge i s  key:  t o  t h e  degree t h a t  t he  as-stamped 
edge i s  smooth, l e s s  edge-rounding i s  necessary. Too much edge f i n -  
i s h i n g  can produce a taper  i n  the  th i ckness  o f  t he  reed on the sea l -  
i n g  su r f ace  so t h a t  the reed w i l l  n o t  c l ose  o f f  the  p o r t .  Th is  may 
be d i f f i c u l t  o r  even imposs ib le  t o  p reven t  i f  l a r g e  de fec t s  f rom 
stamping must be removed in '  narrow s l o t s  t o  avo id  f a t i g u e .  

De e thandasn i tudeo f  .-ComresgLve_.-=.e s~ 
Compressive s t r esses  can be in t roduced  by t he  c o r r e c t  edge- 

f i n i s h i n g  process.  They w i l l  be very  sha l low and o f  r e l a t i v e l y  low 
magnitude b u t ,  i n  many cases, a re  s u f f i c i e n t  f o r  t he  a p p l i c a t i o n ,  
p a r t i c u l a r l y  i f  t h e  stamped edges a re  nea r -pe r f ec t .  

Shot peening w i l l ,  as we have seen i n  t h e  e a r l i e r  sec t ions  of 
t h i s  paper,  i n t r oduce  much deeper r e s i d u a l  compressive s t resses  and 



o f  a magnitude approaching t he  y i e l d  s t r e n g t h  o f  t h e  s t e e l .  I t  does 
so by i n d e n t i n g  the sur face so t h a t  t he  compressive s t r e s s  i s  c reated 
i n  the subsurface l a y e r  t h a t  can be thought  o f  as t r y i n g  t o  push t he  
i n d e n t a t i o n  back o u t  aga in .  The magnitude o f  t h i s  compressive 
s t r e s s ,  then becomes a f u n c t i o n  o f  t h e  y i e l d  s t r e n g t h  o f  the  ma te r i -  
a l ,  as long as t he  su r f ace  i s  t o t a l l y  indented.  As f a r  as f a t i g u e  i s  
concerned, the  h i ghe r  t he  magnitude o f  r e s i d u a l  compression, the high- 
e r  the f a t i g u e  s t r e n g t h  and the  longer  t h e  l i f e  o f  t h e  reed. Howev- 
e r ,  su r face  d e f e c t s  o r  d iscon t inues  always have a d e b i t i n g  e f f e c t  on 
f a t i g u e  l i f e ,  p a r t i c u l a r l y  i f  any a re  deeper than  t he  l aye r  o f  res idu-  
a l  compressive s t r e s s  ( F i g .  6). 

FIGURE 6. STRESS-LITE AND SHOT PEENING. 

STRESS-LITE i s  a proprietary process developed to  control edge radius, improve 
surface f in ish and to  induce a hlgh magnitude of resldual compressivg stress for  in- 
creased fatlgue life, The i l l us t ra t ion  i s  of a 2-cycle outboard engine,rged 
blanked out of stainless steel, which has a drawing requ~rement for  a minimum of 
110 000 s i  a t  the t ips  and 80,000 psi ,compression on the balance of the reed, 
S T R ~ S S - L ~ T E  i s  used to  process the entlre reed t o  yield residual stresses as hlgh 
as 97,000 to  99,000 psi. Addi t ion of Shot Peenln t u  the t i ps  increases the sur- 
face residual compressive stress to  as much as 138,000 psi. 

STRESS-LITE 
+ SHOT PEEN, - 
110,000 p s i  min 

STRESS- 
(-- on1 

80,860 

. L I T E  

psi min. 

On a r e l a t i v e l y  t h i c k  p a r t ,  say a q u a r t e r  i n c h  (6mm) o r  more, i t  
i s  q u i t e  easy t o  peen t o  a depth o f  0.010 i n c h  (0.25mm) t o  ge t  below 
sur face  d i scon t i nues .  Peening very  t h i n  v a l v e  reeds i s  an e n t i r e l y  
d i f f e r e n t  p r o p o s i t i o n  and t he re  a re  two ~ n t e r c o n n e c t e d  concerns: d i s -  
t o r t i o n  and i n t e r n a l  s t resses .  Metal  Improvement Company a c t u a l l y  
uses a c o n t r o l l e d  d i s t o r t i o n  (Peen Forming) t o  produce t h e  aerodynam- 
i c  cu rva tu res  on a i r c r a f t  wing s k i n s  t h a t  can be as much as an inch  
(25mrn) t h i c k  and 110 f e e t  ( 3 4  meters)  long (Ref .  9 ) .  E f f e c t i v e l y  
Shot Peening reeds t h a t  may be on l y  0.06 i n c h  (0.4mm) t h i c k  w h i l e  
ho ld i ng  acceptab le  f l a t n e s s  t o l e rances ,  r e q u i r e s  unusual techniques.  
Beyond the  d i s t o r t i o n ,  though, c o n s i d e r a t i o n  must a l s o  be g iven t o  i n -  
t e r n a l  t e n s i l e  s l r e s s e s .  P u t t i n g  t h e  su r f ace  i n t o  compression always .- -- 
produces a cor responding t e n s i l e  s t r e s s  i n  t h e  co re  o f  t he  meta l .  I f  
t he  depth o f  compression i s  too  deep r e l i 3 t i v e  t o  t h e  th i ckness ,  the  
core t e n s i l e  s t r esses  can become h i g h  enough t o  cause subsurface fa- 
t i g u e  f a i l u r e s  and shor ten  va lve  l i f e  ( a l s o  see F i g .  t ) .  C r i t i c a l  
c o n t r o l  of t h e  depth of compression can be exe rc i sed  by i n t e l l i g e n t  
use o f  t he  Almen I n t e n s i t y  System (Ref .  10 ) .  PeenscanR, a f l u o r e s -  
cen t  t r a c e r ,  i s  used t o  determine when 100% coverage has been reached 
(Ref .  1 1 ) .  These and o t h e r  t o o l s  and techniques a re  a p p l i e d  today t o  
ga in  g rea t  improvements and r e p e a t a b i l i t y  i n  t h e  f a t i g u e  l i f e  o f  
modern va l ve  reeds.  

CONCLUSION 

C o n t r o l l e d  Shot Peening i s  used very  e f f e c t i v e l y  i n  t he  manufac- 
t u r e  o f  many components o f  bo th  l a r g e  and smal l  compressors. Very 
s i g n i f i c a n t  inc reases  i n  l i f e  o f  va l ve  reeds and r i n g s  can be 
achieved w i t h  Shot Peening b u t  i t  must be used i n  combinat ion w i t h  
advanced techniques f o r  stamping and edge f i n i s h i n g ,  as w e l l  as 
c o r r e c t  cho ice  o f  m a t e r i a l .  



Cen t r i f uga l  Com~ressor.s . . - - .. 
Impe l l e r s  have been Shot Peened t h a t  range i n  s i z e  f rom l e s s  t h a n  

2 inches i n  d iameter f o r  a  space a p p l i c a t i o n  t o  48 inches f o r  process 
a i r .  Turbochargers f a l l  under t h i s  c l a s s i f i c a t i o n  and many a re  shot  
peened aga ins t  b lade f a i l u r e .  One unique a p p l i c a t i o n  i nvo l ved  t h e r -  
mal c rack ing  a t  some l o c a t i n g  s e r r a t i o n s  on the  back face  o f  aluminum 
impe l l e r s  f o r  locomot ive d i e s e l  tu rbochargers .  Of concern was t h e  
heat  t h a t  might  r e l i e v e  t h e  compressive s t r esses  form Shot Peening. 
However, peening so lved  t he  problem, us i ng  g lass  beads t o  a v o i d  f e r -  
rous contaminat ion o f  t h e  alurninum. 

Most o f  the sma l l e r  t u r b i n e s  employed i n  a i r c r a f t ,  sometimes f o r  
p ropu ls ion ,  b u t  most o f t e n  as a u x i l i a r y  power u n i t s ,  a i r  s t a r t e r s ,  
e t c . ,  use Shot Peened i m p e l l e r s ,  as do t h e  engines f o r  t he  C ru i se  Mis- 
s i l e .  S i g n i f i c a n t  weight  r educ t i ons  a re  p o s s i b l e  by i n c l u d i n g  the  
bene f i t s  o f  Shot Peening i n  the  des ign c a l c u l a t i o n s .  M a t e r i a l s  f o r  
impe l l e r s ,  i n c i d e n t a l l y ,  may be sand c a s t  i r o n  o r  aluminum, welded 
s t e e l ,  fo rged  aluminum o r  t i t a n i u m ;  even investment c a s t  super- 
a l l o y s :  a l l  respond w e l l  t o  Shot Peening. 

A x i a l  Compressors -- ---- 
Many are used i n  s t a t i o n a r y  a p p l i c a t i o n s  ( a  good one i s  f o r  mak- 

i n g  snow on the s k i  s l opes ) ,  b u t  most a x i a l  compressors a re  used i n  
combinat ion w i t h  a  gas t u r b i n e  t o  form a  j e t  engine and p r o v i d e  pro- 
p u l s i o n  f o r  p lanes,  boats  and t r a i n s ,  and some exper imenta l  t r u c k s .  
Because o f  t he  extreme c e n t r i f u g a l ,  a x i a l  and v i b r a t i o n a l  f o r c e s  ac t -  
i n g  on t he  r o t a t i n g  components, a l l  s h a f t s ,  d i s k s  and b lades a re  t y p i -  
c a l l y  Shot Peened aga ins t  bending and f r e t t i n g  f a t i g u e .  I n  f a c t ,  
t he re  are  very  few components o f  a  h i g h  performance j e t  engine t h a t  
a re  n o t  peened, bo th  d u r i n g  o r i g i n a l  manufacture and aga in  a t  pe r iod -  
i c  overhaul i n t e r v a l s ,  and i n c l u d e  l e s s  obv ious components such as 
gears and f u e l  l i n e s .  

D i ap_h_c_a9mC P_~P~ES~OLS 
Diaphragm compressors a re  q u i t e  uncommon and a re  used i n  app l i ca -  

t i o n s  where a b s o l u t e l y  no con tamina t ion  ( f r o m  l u b r i c a t i n g  o i l s ,  f o r  
i ns tance)  o f  t h e  compressed gas i s  pe rm i t t ed .  The c r i t i c a l  component 
i s  a  l a rge  (up t o  3 0  inches diameter by 0 , 0 3 0  i n c h  t h i c k )  s t a i n l e s s  
s t e e l  diaphragm t h a t  i s  clamped around t h e  edges i n  t he  compressor 
head. Because t h e  diaphragm moves up and down under h y d r a u l i c  pres- 
sure,  c racks i n i t i a t e  j u s t  i n s i d e  o f  t he  b o l t  h o l e  r i n g .  T y p i c a l l y ,  
a  chemical company, compressirig Freon, used t o  r ep lace  these d ia -  
phragms every 16 hours o f  s e r v i c e .  Peening t h e  diaphragm w i t h  g lass  
beads (on s t a i n l e s s  s t e e l )  extended t he  s e r v i c e  l i f e  t o  6 months. 
The d i f f i c u l t y  here i s  t o  peen t h e  l a r g e  b u t  very  t h i n  diaphragm and 
s t i l l  ma in ta in  f l a t n e s s :  e x a c t l y  t h e  same problem t h a t  i s  encountered 
i n  peening the  smal l  va l ve  reeds w i t h  which you a re  a l l  f a m i l i a r .  

COMPRESSOR V A L V E  COMPONENTS 

To quote D. N.  La1 , Research Engineer .at  the  C a r r i e r  Corpora- 
t i o n :  "The va l ve ,  s u c t i o n  o r  d ischarge,  i s  one o f  t h e  most c r i t i c a l  
components o f  a  compressor. A f l a p p e r  va l ve  i s  r e q u i r e d  t o  have h i gh  
f l e x i b i l i t y  t o  a l l o w  u n r e s t r i c t e d  f l u i d  passage through t he  p o r t s  f o r  
ach iev ing  h i g h  e f f i c i e n c y  and c a p a c i t y  o f  the  compressor, bu t  a t  the  
same t ime i t  i s  a l s o  expected t o  have enough s t i f f n e s s  t o  r e t u r n  back 
i n  t ime t o  sea l  t h e  p o r t s  comp le te ly .  The mot ion sub jec t s  the  va l ve  
t o  severe c y c l i c  s t r esses  and s t r a i n s .  To make t h e  s i t u a t i o n  worse, 
most o f  the  va lves  have i r r e g u l a r  geometry as unavoidab le  design re- 
quirements.  Th is  increases t h e  p o s s i b i l i t y  o f  l o c a l i z e d  s t r e s s  con- 
c e n t r a t i o n  and premature f a i l u r e  by f a t i g u e "  (Re f .  5 ) .  Few would 
d i spu te  L a l ' s  statement b u t  i t  leaves t he  des igner  o f  a  compressor 
w i t h  having t o  make a  se r i ous  compromise between t he  e f f i c i e n c y  o f  
t h e  compressor and t he  l i f e  o f  t he  va lve .  The more the  f l a p p e r  reed 
f l e x e s ,  t he  more passage o f  f l u i d  i t  w i l l  p e r m i t  b u t  t he  s h o r t e r  w i l l  
be t he  number o f  f l e x u r e s  t h e  f l appe r  w i l l  s u s t a i n  be fo re  break ing.  
I t  i s  incumbent on t he  des igner  t o  seek a  reed t h a t  w i l l  a l l ow  the 
maximum passage o f  f l u i d  w i t h o u t  breakage d u r i n g  the  expected l i f e  o f  
the  compressor a t ,  l e t ' s  n o t  f o r g e t ,  a  c o s t  t h a t  i s  w i t h l n  budget.  
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