


t r a t i o n  fac tor  o f  1.80, determined photoelast ically,  The s t rength 

reduction factor  was 1.67, giving a  notch s e m i t i v i t a  fac tor  of 

0.84. The r e s u l t s  obtained Prom the fat igue t e s t s  a r e  shown i n  

Table I ,  

TABLE I 

Effect  o f  Shot-peening Steering Knuckles 

Part - Nominal Fatigue L i m i t  ( p s i )  $ Increase 

S t andard 33 000 0 

Shot-peened 42,200 28 

The same group of investigators ( I ) also reported on re-  

versed bending t e s t s  of automotive r e a r  axles made of SAE-AISI 4063 

s t ee l ,  as given i n  Table 11, 

TABLE I1 

Effec t  of Shot-peening Rear Axles 

Surf ace Condition Fatigue L i m i t  ( p s i )  $ Increase 

A s  forged 26,000 0 

The fat igue l i m i t  of the as-forged axles was only 26% of the 

fat igue l i m i t  as  determined by laboratory t e s t s  i n  R e  R. Moore 

ro ta t ing  bending fat igue machines. The principal  fac tors  contrib- 

uting to  the decreased fatigue strength for  the 'as-f orged" pa r t s  

were sa id  to  be surface decarhurization and surface roughness. 

Mattson ( 2 ) Pound t he  fa t igue life of shot-peened leaf springs - 



fncreased by a fagtop sf t en ,  Sachs ("3) discussed a case Pn 

which shot-peening raised t he  f a t igue  s t r e n g t h  of a decarburfzed 

sur face  of SAE 4340 steel to that of? a c a r e f u l l y  machined su r face ,  

It i s  thus wel l -es tabl i shed  t h a t ,  a t  l e a s t  5n many ins tances ,  

shot-peening improves t h e  fa t igue  s t r e n g t h  of? se rv fce  p a r t s ,  The 

shot-peening h a s  a t  l e a s t  partially removed t h e  e f f e c t s  of poor 

sur faee  f i n i s h  and r e s i d u a l  tensfke s t r e s s e s  on the sur face  oP the 

p a r t ,  o r  i t  has s e t  uy benef ic fa1  effects whieh counterbalance these  

de le te r ious  e f f e c t s ,  It i s  t h e  uncer tafn tg  i n  the  conditfon of t h e  

sur face  and t h e  r e s i d u a l  s t r e s s e s  i n  s e r v i c e  p a r t s  before  shot- 

peening which make i t  dffi ' icmlt  t o  assess the  f a c t o r s  fntroduced 

by shot-peening whieh account for the  irnpzaoved fa t igue  s t ~ e n g t h ,  

On t h e  o the r  hand, srlmple I.aboratorg apecinens, s u c h  as  aloe used 

in R, H ,  Moo~e f a t i g u e  machine, are c z ~ e f u l l g  pyaepared 2nd the  sup- 

face condftf ons a m  known, The e f f e c t s  introduced by  sho 6-peening 

a re  e a s i e r  t o  evaluate  5.n t h i s  case ,  



11, Fatigue Tes ts  of Shot-Peened Labora tmy Specimens 

The r e s u l t s  of some t y p i c a l  f a t i g u e  t e s t s  on simple l a b o r a t o r y  

specimens which have been? shot-peened a r e  presented i n  tb.is s e c t i o n ,  

H, F, Moore ( L ) found the f a t i g u e  limits f o r  var ious su r face  corm- 

d i t i o n s  f o r  two s t e e l s  shown i n  Table I11 and IV. 

TABU3 111 

Carburized Nickel - Chromium - Molybdenum S t e e l ,  

w i th  Various Surf ace Treatments 

Surface Treatment Fa t igue  Limit ( p s i )  

(1) A s  received,  carbwizei&, 58,000 

then  heat; t r e a t e d  

( 2 )  S w f a c e  honed 60,000 

(3 )  Polished 00 emery c l o t h  69,000 

(4) Shot-peened 71,000 

(5) Shot-peened and honed 74,000 

TABLE IB 

Hot-rolled SAE 1020 S t e e l  

with Various Surface  Treatments 

Swface Treatment Fat igue Limit ( p s i )  

( I )  A s  rece ived ,  hot - ro l led  28,000 

( 2 )  Pol ished  00 emery c loth 35% 

(3)  Shot-peened and honed 3'7,000 

$ Change 

-16 

$ Change 

-20 

0 

+ 6 



A substant ia l  increase i n  the fatigue s t rength was obtained 

by polishing the surface of the specimens, However, shot-peening 

the polished surface gave only a small inczaease i n  fa t igue  strength, 

The fat igue s t rength was increased s l i g h t l y  more by honing the 

shot-peened surface, 

Recently fatigue data ( 5 1 have been published on ro ta t ing  

bending t e s t s  on  specimens of hardened and tempered spring s t ee l  

which were shot-peened, These r e s u l t s  are given i n  Table V, 

TABLE V 

Shot-peened Tempered Spring Stee l  

Surface Condi t ion $ change 

(1) A s  heat %mated 87,300 -21 

(2) 0,0025" polished from L10,OOO 0 

surface, 7micro-inch f i n i s h  

( 3 )  Shot-peened 1 1 4 , O O O  + 4 

The shot-peened specinens were only s l i g h t l y  stronger than the 

polished speeimens, 

HariLey and Dolan ( 6 ) published the r e s u l t s  of ro ta t ing  bend- 

ing fat igue t e s t s  perf orraed by Wiegand ( 7 ), These data aye given 

i n  Table VI, 



TABLE VI 

Effect  of Surface Finish on Fatigue Limit 

Surf ace Finish Fatigue L i m i t  ( p s i ]  

Ground and polished 00 79,650 

Zapped @39350 

Roughened with 24 emery cloth 66,850 

Polished and shot-blasted 81,100 

Roughened a s  i n  ( 3 )  and shot- 79,650 

blas ked 

$ Change 

0 

+ 1 
-16 

+ 2 

0 

shot-blasting gave no s ignif icant  improvement i n  the fatigue 

strength of polished specimens, Roughening of the SUIT ace reduced 

the fat igue s t rength by 16% and shot-blasting the roughened sur-  

face res tored the fa t igue strength to  t h a t  fo r  polished specimens, 

In  other words, i f  one s t a r t s  with a roughened or "as-heat- 

treated" surface, a considerable improvement i n  strength can be 

made by shot-peening, b;t not much more than by polishing. Further- 

more, approximately the same f i n a l  strength can be obtained by - 
shot-peening a roughened or as received surface a s  by shot-peening 

a polished surface, 

Tlze Fact t h a t  a certain fatigue s t rength is a charaeter is t ie  

of the shot-peened surface, regardless  of pr ior  surface conditions, 

can a l so  be seen from the data ( I ) of Table VII. 



Effect of Shot-peening and SuperfinLshing 

Surf ace ConditSon Fatjgue Limit (psi) - $ Change 

Polished 65,000 0 

Polished and shot-peened n - 9  000 +I4 

Superfinished 83,000 +28 

Superfinished and sho t -  

peened 

In this case the shot-peening has raised the strength of the 

polished specimens presumably because the beneficial effects of 

residual stress predordnate; but the shot-peening has lowered the 

strength oS the superfinished specimens, presumably because the 

detrimental effects of surface roughness predominate, Thus, the 

question here is not "why does shot-peening strengthen in one case 

and weaken in another?", but rather " ~ h y  are t he  strengths so dif- 

f erent for two different degrees of p~lishing?'~, 

f I I , C  om-parison of Fatlgue Data for Shot-peened. Servf ce Parts 

and Simple Laboratory Specimens 
d 

The increase in the fatigue strength of service parts due to 

shot-pemlng i s  vwious ly  r spor ted  from 18 to 43$ ~ocording to 

refaremme a i % s d  in Seation 1, In c s n t ~ a ~ t ,  the improvemmt in 

f ~ t 2 g w  etreagtk of polished laboratory spseimans dlaoussed in 



fatigue strength due to shot-peening the "as receivedw or  "rough- 

ened" surface is computed, the resu l t s  shown i n  Table V I I I  are 

obtafned 

TABLE VIII 

Effect o f  Shot-peening and Polishing 

Data f ~ o m  Table FatZgue L i m i t  ( p s i )  $ Increase 

Polished Shot-Peened 

A s  received - 58,000 19 22 

A s  received - 28,000 ' 25 32 

Roughened - 66,850 19 19 

I V  As received - 87s300 26 30 

Shot-peening increased the fatigue strength of the "as re -  

ceived" or roughened surface by 19 to 32%, and polishing increased 

the fatigue strength 19 to 26$, 

The conclusion i s  tha t  e i ther  polishing o r  shot-peening a 

roughened o r  as-received surf ace gives a substantial improvement 

i n  fatigue strength; the shot-peening is  only s l igh t ly  more bene- 

f i c i a l  than polishing, 

In  the l igh t  of the resu l t s  shown i n  Tables 111 to VIII, the 

seeming discrepancy be tween the ef f eets  of shot-peening nnanuCPactured 

parts  and ,laboratory specimens no longer causes any confusion, It 

has been customary to  express the ef fec t  of shot-peening as the 

improvement over polishing fo r  laboratory specimens, but as the 

kpmvsmnt over as=recef ved s--f aces for  manufactured parts. 



For proper comparison of the e f fec t s  of shot-peening on manufactured 

par t s  and laboratory specimens, the improvement over as-received 

surfaces should be s t a t ed  i n  both cases, men t h i s  i s  done, it i s  

found tha t  shot-peening manufactured par ts  gives 18 to  43% improve- 

ment, Tables I and I1 and References (2) a d  ( 3 j 3  

while shot-peening laboratory specimens gives 19 t o  32% improvement 

 a able V I l I ] ,  Thus, the improvements are qui te  similar  for  the 

two cases,, 

The improvement a t ta ined by shot-peening on as-re ceived sur- 

face i s  undoubtedly a complex e f f e c t  involving res idual  s t ress ,  

surface roughness, cold work, and possibly other fac tors ,  I n  the 

next sect ion an attempt w i l l  be made t o  i so la t e  the ef fec ts  of 

these fac tors  f o r  t he  simpler s i tua t ion  where the swface  i s  polished 

before the shot-peenlng, 

I V ,  Factors Introduced by Shot-peening 

For some time i t  has been recognized that a t  l e a s t  three 

effects  are  introduced by shot-peening ( 4  9 8 ), namely, 

(1) Cold working, 

(2)  Residual s t r e s s ,  
r 

(3) Stress concentrations, 

The re l a t ive  e f fec t s  of these three fac tors  have not been e s t a b l i h d ,  

Ifowever, the r e s u l t s  of a suf f ic ien t  number of investigations have 

been reported t o  indi  cate, i n  a qualitative manner, the significance 

t o  be attached t o  each of these f ac to r s ,  In $his section each of 



(1) Cold Working 

The benef ic ia l  e f f e c t  of cold working on fa t igue  s t r eng th  

has been es tabl ished by severa l  inves t iga tors ,  Hoore and 

Bommers ( 9 )  reported an increase i n  the f a t i gue  s t r eng th  of 

0 ~ 1 8 %  carbon s t e e l  bars which had been pulled well i n t o  the 

p l a s t i c  region, s t r e s s  re l ieved,  and fa t igue  t e s t ed ,  These 

bars  were supposed by the authors t o  be f r e e  of r e s idua l  s t r e s s ,  

but  no measurements were made t o  ve r i fy  t h i s  condition, The 

r e s u l t s  obtained from the fa t igue t e s t s  a re  given i n  Table TX, 

TABLE IX 

Effec t  of Prestretching on Fatigue L i m i t  

Cold Workin8 Fatigue L i m i t  ( p s i )  ,$ Change 

Unstretched 28,000 0 

Stretched between Y,P, 359000 25 

and ul t imate  

St re tched t o  ul t imate 4l9oO0 46 

Later  t e s t s  of the same kind on a higher carbon s t e e l  by 

Ho~ger  and Plaulbe tsch (10 gave s imi l a r  r e s u l t s ,  Horger and 

N a u l b e t s c h f l ~ )  a l so  gave the r e s u l t s  of fa t igue  t e s t s  on speci- 

mens removed from successive layers of a o,&s$ carbon s t e e l  

shaf t ,  2 inches i n  diameter, Vickers diamond pyramid hardness 

measu~ements indicated the cold working had increased the 

hardness t o  a depth of inch. The specimens had a progressive 

increase  i n  fa t igue  s t reng th  from 37s500 p s i  t o  43,000 p s i  as 



they were taken from layers nearer the surface, The authors 

presumed the res idual  s t resses  to  be small and they a t t r ibu ted  

most o f  the increase i n  fa t igue strength t o  cold working, 

In a l l  the above experiments on the e f fec t s  of cold work- 

ing, the res idual  s t resses  were not measured, One natural ly  

assumes tha t  concentric tens i le  loading produces uniform s t r e s s ,  

and consequently res idual  s t r e s s  does not occm, It has been 

observed, however, t ha t  the surface flows more e a s i l y  than the 

in te r ior ,  causing a def in i te ly  measurable hardness gradient 

across the diameter, and i t  can be shown tha t  there should be 

a residual  s t r e s s  pat tern associated with such a hardness 

pat te rn  tha t  i s  characterized by favorable surface compression, 

Considering the uncertainty as to  whether strengthening such 

as tha t  shown i n  Table I X  i s  due t o  c o l d  work  or res idual  s t r e s s ,  

l e t  us turn a t ten t ion  now t o  investigatfons where both cold 

work and residual  s t r e s s  were known t o  have been present,  

Peterson and Lessells (11% r e fe r  t o  the work of Thum and 

Bautz @2), who used the boring-out technique to  f ind  the 

res idual  stre'ss; they concluded tha t  80% of the increase i n  

fat igue strength was due t o  residual  s t ress ,  the remaining 

20% being a t t r ibu ted  to cold-working or a physical change i n  

the surface o f  the material ,  For some cases, Peterson and 

Lessells  (11) were inclined t o  a t t r ibu te  a greater  percentage 

of the increase i n  fatigue s t rength to  changes i n  the physical 

propert ies of the metal producec? by the cold wolik2ng, Eever- 



theless,  they emphasized tba% it w a s  not implied tha t  residual  

s t resses  had no e f f e c t  or t h a t  they cannot be important i n  

some cases, In  a ser ies  of papers Hattson ( 13, 14 ) discusses 

the beneficial  e f fec ts  of res idual  surface compressive s t resses  

produced by shot-peening, These s t resses  were about 60% of 

the yield  s t rength f o r  hard materials  and somewhat higher f o r  

s o f t e ~  materials  due t o  the increase i n  the yield  s t rength re- 

sul t ing f r o m  the peening, However, Mattson does not ru le  out 

the beneficial  effece of" cold working which he s t a t e s  may be 

s ignif icant ,  but it cannot be measured as  res idual  s t resses  

can be, 

I n  short,  the re la t ive  beneficial  e f fec ts  of cold-working 

and res idual  s t r e s s  on fa t igue strength have not been estab-hed, 

Residual S t ress  

Recently, with improved measmement techniques, greater  

emphasis has been given t o  the e f f e c t  of' res idual  s t r e s s  on 

fat igue strength,  Probably the e a r l i e s t ,  and s t i l l  the most 

comprehensive, investigation on t h i s  subject  was performed by 

Buhler and Buchholtz ( l t ; , l F j ] ,  The res idual  s t resses  were intro- 

duced Into carbon s t e e l s  by quenching from the tempering temper- 

a ture ,  They were measured by mechanical dissect ion and were 

found t o  vary from 40 to  100% of the yield streng.th, Residaal 

surface compressive s t resses  increased the fatdgue limit an 

average of 3-36, the range of increase bein@: 6 t o  2258. The 



grea tes t  increase occwred fo r  the specimens having the l a rges t  

residua1 compressive s t resses ,  Residual surface t ens i l e  

s t r e s ses  decreased the fa t igue l i m i t  12 to  16$, with an aver- 

age decrease of  14%. The change i n  the fat igue l i m i t  with 

residual  s t r e s s  i s  shown i n  Figure 1, 

( 3 )  S t ress  Concentration 

The detrimental e f f e c t  of s t r e s s  r a i s e r s  on fat igue 

s t rength i s  well known, but there are no d i rec t  measurements 

of how l a r g e  t h i s  e f fec t  i s  for  the roughness of a shot-peened 

surface, The data of Horger and Meffert (8), as shown i n  

Table X, furnishes indirect  evidence as t o  how large the s w -  

face roughness e f f e c t  might be, 

TABLE X 

Effect  of Shot Size Used i n  Peening 

on Fatigue L i m i t  

Surface Condition A r c  height i n  0,001 i n ,  Fatigue %change Surf ace, 
( a  measure of res idual  s t r e s s )  Limit Smooth- 

A l m e n  StrLps ness 
A C 

, Polished-not shot- 0 0 31,000 0 excellent 
peened 
No, 28 shot 9-11 5 3-3a5 32,000 3 poor 1 
(0,0188 i n , )  1 
No, 22 shot 1705 6,s 37,000 19 good 2 
(0,0315 i n , )  2 
N o ,  119 19*0 9-11 34,000 10 f a i r  3 
(O,OSSin.> 3 

The three s u ~ f ~ e e  smoothm.ess conditions given in the Table X are  

described as fcllaws: 



1, Photomicrographs showed notches and sharp su r face  d i s -  

cont inui  t i e s ,  

2, R e l a t i v e l y  smooth su r face ,  cons i s t ing  of shallow, c i r c u l a ~  

inden ta t ions  

3* Intermediate  sur face  roughness be tween "goodn and npoor", 

The t a b l e  shows t h a t  the  f a t i g u e  s t r e n g t h  f o r  No. 22 shot,  

where the su r face  i s  good, i s  8% higher  than the f a t i g u e  

s t r e n g t h  f o r  NO, 19  shot ,  where '"the sur face  i s  only fa i r ,  even 

though the favorable  r e s i d u a l  s t r e s s  i s  h igher  ~ O P  the  No, 19  

sho t ,  This means t h a t  there  would be more than 8% d i f fe rence  

i n  the Kf va lues  f o r  two condi t ions  of shot-peening i f  there 

were the same r e s i d u a l  s t r e s s  f o r  both cpndi t ions ,  The re-  

s u l t s  using No, 28 shot  show t h a t  the de t r imen ta l  e f f e c t s  of 

a poor su r face  can almost wholly counterac t  the b e n e f i c i a l  

e f fec t s  of r e s i d u a l  s t r e s s ,  

Pol i sh ing  a f t e r  shot-peening ( 5 ) a l s o  serves t o  show the 

e f f e c t  of the  sur face  roughness caused by t h e  peening, Table X I  

shows t h a t  the  f a t igue  s t r e n g t h  f o r  a  given (good) p o l i s h  is  

22g'higher when the  po l i sh ing  has  been preceded by shot-peening, 

because of surface  compression and poss ib le  co ld  work, 



TABLE XI 

Effect of Removing Surface La-yers 

from Shot-peened Specimens 

Surface Condition 

As heat treated 

0,0025" polished from surface, 

T / ,  in, finish 

Shot-peened 

Shot-peened, 0,0039" polished 

from surface, Tp ino f in ish  

Fatigue Limi% (psi) $ Change 

87,300 -21 

110,000 0 

However, most of this benefit was counteracted by the 18% 

weakening due to the roughness of t5e peened surface, result- 

ing in a 2et gain over the polished surface of only 4$, Note 
also fsom Table XI thzt either shot-peening or polishing gives 

at least 20% strengthening over the as-heat-treated barse 

Prom Tzhles X aad XI it x r q  be concluded. that the surface 

roughness clue to shot-geening is a potent factor, whose de- 

trimental effects meg- almost coqletelg counteract the benei'i- 

cia1 effects to residual stress and cold work, 

Several investigators have sham that a higher fatigue 

limit is obtained for cold-rolled than for shot-peened surf aces. 

For example, in a Russian publication (17) t'ne values given 

in Table XI1 were presented for spring steel, 



T A B U  XI1 

E f f e c t  of Shot-peening and Cold-rol l ing Spring S t e e l  

Surf ace Condition Fat igue Limit  ( p s i )  % Inc rease  

Pol ished 69,200 0 

Since sur face  roughness i s  somewhat l e s s  severe  f o r  cold- 
* 

r o l l e d  than  f o r  shot-peened specimens, i t  i s  reasonable t o  

suppose, i n  the  l i g h t  of the pz-evious conclusion, t h a t  the 

g r e a t e r  improvement by co ld - ro l l ing  than by shot-peening i s  

due t o  the  f a c t  t h a t  t h e m  i s  l e s s  de t r imenta l  e f f e c t  of 

sur face  roughness t o  counterac t  the b e n e f i c i a l  e f f e c t s  of 

r e s i d u a l  s t r e s s ,  

V e  Rat iona l  Analysis of the  E f f e c t  of Shot-peenin6 

I n  the  previous sec t ions ,  a  summary has been presented  re -  

garding t h e  e f f e c t s  of the th ree  p r i n c i p a l  f a c t o r s  introduced by 

shot-peening: cold-working, r e s i d u a l  s t r e s s ,  and s t r e s s  concen- 

t r a t i o n s ,  Although the r e l a t i v e  b e n e f i t  of cold-working and re-  

s i d u a l  s t r e s s  a r e  s t i l l  con t rovers i a l ,  i t  w i l l  be shown i n  t h i s  

s e c t i o n  t h a t  a r a t i o n a l  procedure now e x i s t s  f o r  p r e d i c t i n g  t h e  

inc rease  i n  f a t i g u e  s t r e n g t h  due t o  shot-peening, This method 

n e g l e c t s  the  e f f e c t  of cold-working and takes account only  of re-  

s i d u a l  s t r e s s  and s t r e s s  concentrat iono,  



* 
The premise on which th is  method is based i s  tha t  residual  

s t r e s s  may be t reated as  a mean s t r e s s  i n  a Haigh-Soderberg, o r  

s imilar ,  diagram, The e a r l i e s t  reference which has been found to  

t h i s  method of t rea t ing  residual  s t r e s s  i s  given i n  (la), A 

typical  Haigh-Soderberg diagram i s  shown i n  Figure 2, I n  t h i s  

diagram, the mean s t r e s s  i s  the abscissa and the a l te rna t ing  s t r e s s  

7 i s  the ordinate for  a prescribed fat igue l i f e ,  10 cycles i n  th i s  

case. 

One of the f i r s t  attempts t o  t r e a t  the res idual  s t r e s s  as a 

mean s t r e s s  i s  discussed by Horger and Neifert (19) using data 

obtained by Schmidt (20)~ Schmidt determined the fat igue s t ~ e n g t h s  

of uns traightene d crankshafts and crankshafts straightened by plasd 

t i c  bending, The Haigh-Soderberg diagram obtained from t e s t s  on 

the unstraightened crankshafts i s  shown on Figure 2, A s  indicated 

i n  t h i s  f igure ,  the reversed bending fat igue s t rength was 87,000 ps i ,  

The res idual  longitudinal tens i le  s t resses  produced i n  the 

crankshaft r i l l e  t by straightening were measured by the x-ray dif - 
f r ac t ion  technique before fatigue testring and were found to  be 

between 85,000 and P00,000 ps i ,  Referring to  Figure 2, and using 

the res idual  s t r e s s  of 100,000 p s i  as  a mean s t r e s s ,  the fat igue 

s t rength i s  found to  be 54,000 ps i ,  The measured fat igue strength 

was found by experiment t o  be 70,000 ps i ,  

I n  analyzing t h i s  discrepancy between the predicted and meas- 

ured fa t igue strength,  it was real ized t h a t  perhaps the residual  

s t r e s ses  were decreased during cyclic loading (fading) ,  I n  order 



t o  pursue t h i s  poss ib i l i ty ,  the res idual  s t r e s s  i n  a p l a s t i c a l l y  

straightened crankshaft a f t e r  i t  was subjected t o  5 x lo5; cycles 

of a l ternat ing s t r e s s  was measured by x-ray d i f f rac t ion  and i t  

was found to  have been reduced to 48,000 ps i ,  Using t h i s  s t r e s s  

as a mean s t r e s s  i n  the Haigh-Soderberg diagram, the a l te rna t ing  

s t r e s s  i s  7 l , O O O  psi .  This value compared qui te  well with the 

experimentally determined value o f  70,000 ps i ,  

This inves t iga t f  on indicates tha t  the fa t igue s t rength can 

be predicted neglecting the e f f e c t  of cold-working i f  the res idual  

s t r e s s  i s  t rea ted  as  a mean s t r e s s  and i f  the fadfng of res idual  

s t r e s s  i s  taken in to  account, 

In  applying these concepts to  the prediction of fa t igue 

s t rength of shot-peened specimens t w o  addi t ional  items of informatioh 

are needed: 

(1) How can the fading of res idual  s t r e s s  be predicted? 

( 2 )  What i s  the method of t rea t ing  s t r e s s  concentrations? 

Several invest igators ,  notably Rosenthal and h i s  co-workers, have 

provided both the principles and supporting experimental data  for 

answering these questions, 

Considering f i r s t  the problem of fading of res idual  s t resses ,  

Norton and Rosenthal ( 18) s t a t e  t h a t  res idual  s t r e s ses  decrease 

during cycl ic  loading when the unnotched bar fa t igue l i m i t  i s  60% 

or more of the yield  strength, Therefore, the c r i t e r ion  f o r  fading 

i s  the r a t i o  of the fat igue l i m i t  of unrmotched polished specimens 

to  the yield  strength,  This i s  merely the c ~ i t e r i o n ,  the actual  



method o r  treating f a d i ~ g  w f l l  be zomfdered  along w i t h  a study 

of the second qinestfon ~egard9ng  a k r e s s  concentrations, since in 

the investigations discussed here these two effects were conside~ed 

toge they , 

Rosentha.1 and Sines (21) jravestigated t k w  fading of res idual  

s t ~ e s s e s  i n  6 1 ~ ~  and 6 1 ~ 0  notched Sars dw5ng fat igue tes t ing,  

and the e f f e c t  o f  those res idual  s t r e s ses  on fat igue s t reng th ,  

The p roper t i e s  of the materials ape given i n  Table X I P I ,  

0.2% yield strength, Sg, psf 

Ultimate strength, psi 

Smooth b a ~  f a t f g w  atmng.t;h,Se, 

The specimens were first plastically prrs-s trained i n  tension 

o r  compression t o  produce residual s t r e s s  a t  the root o f  the notch 

and then they were tes  bed i n  reverased bending OF w i t h  equal mean 

and a l te rna t ing  s t r e s s  conponents, Residual s t r e s s  w a s  measured 

locally with x-rays, 

E4easuremnts of nominal rat igus s-trangkh and l o c a l  res idcal  

s t r e s s  before and a f t e ~  cycling are shown i n  Table XIV, 
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The tabulaked va lues  of i n i t i a l  r e s i d n a l  stress are averages 
%- 

of s e v e r a l  measurements, 

Values of  these  same qu-ant2 t i e s ,  c a l c u l a t e d  according t o  

the concepts of R o s e n t h l  and Sines and o t h e r  common concepts,  

a r e  a l s o  shown f o r  cornpasison, The concepts of Xosenthaf and 

S ines  are a s  fol lows:  

1, The r*es idual  s t r e s s e s  w f k l  not be changed by cyc l ing  i f  

maximum. t o t a l  s t r e s s  i s  Less than the  y i e l d  s t r e n g t h ,  

The maximum t o t a l  s t r e s s  i s  the m a x i m u m  S U .  of r e s i d u a l  

s t r e s s ,  mean l o a d  s t r e s s  and alternating load  s t r e s s ,  

2, Residual  s t r e s s  may be t r e a t e d  as a mean s t r e s s ,  The  

e q u i l i b r i u a  value ( a f t e r  c y c l i n g )  should be used, 

3 0  The curve of nominal mean stmss v s  nominal a l ternat ing 

s t r e s s  f o r  notched bars can be obtained from the unnotched 

curve by d i v i d i n g  both  absc i s sas  and o rd ina tes  by Kf, 

Cold  work e f f e c t s  can be d is regarded,  

These concepts a r e  based on zncsnvent ional  a s s m p t i o n s  con- 

cern ing  the f a t i g u e  behavior of the r i t e r i a l  i n  a region  of  s t r e s s  

concent ra t ion ,  Therefore, i t  i s  worthwhile t o  t abu la te  t h e s e  

assumptions and d i scuss  t h e i r  s ign i f i cance :  

1, The m a x i m - m  nominal s t r e s s  a t  the f a t i g ~ ~ e  l i m i t  f o r  a 

notched specirneil i s  equal  t o  the  maximum s-kress a t  the 

f a t i g u e  l i m i t  f o r  unnotched specimens divided by the 

6 
I n  some cases  t h e  values were obtained by c a l c u l a t i o n  using 

C? --. the me tnod of R e f ,  c, 



strength reduction factor, KT,  T h i s  mans that i n  a 

Haigh-Sod~rberg dlagran f o r  uxxnotched fatigue strength 

both the mean and a l t e rna t ing  components 02 stress are 

to be dLv2d.ed by KT, The s t ~ e n g t h  reduckinn factor 

rsp~eselrats the response off the mn"c,e;?riab t o  the e f f e c t  

o f  biaxlal stress, EI beep stress gradient, strain-hardening, 

and possibly other e f f ec ' t s ,  

2 ,  The t rue maximum l o c a l  s-t;resa at the r o o t  o f  the notch 

f s equal t a  the max5rnun nominal. s t ress  multiplied by 

j c f e  I n  a Haigh-Sodesberg dlagram f o r  tth eomlnal fatigue 

strength for notcl?ed s.pe cimens , b o t h  the mean and a l te rna t -  

ing components of stress a m  m u l t i p l i e d  by Kt to get local 

stress, 

3 ,  The a c t u a l  maximum .Loca,l stress ~nma-bgf~*"ea%;j_3i. exceed the 

y i e l d  x: t rength,  Xi' %be zim.xl.mum Z n c a l  strwss at the begin- 

ning of cycl:"Lc loading does exceed the y i e l d  strength, 

the s t r e s s  will be decreased by p l a s t i c  f l o w  untlZ the 

actual ma:lefmwm l o c a l  e t m s s  I s  eqnaL t o  the y ie ld  strength 

(or s l i g h t l y  greater ,  because,of s t r a i n  hardening). 

4. The local. resiilutzl s t ~ w s s  S w  kreated in t he  same manner 

as the local mean load st~ess, The maxim= stress is the 

swn of l o c a l  mean and alternating l oad  stresses and l o c a l  

r e s i d u a l  stress, 



s 6  If the  sum of l o c a l  load  s t r e s s  and r e s i d u a l  s t r e s s  

does exceed the giebd strength, t he  r e s f d u a l  s t r e s s  

will change u n t i l  the maximum s t r e s s  i s  approximately 

equal t o  t h e  yield s t r e r g t h ,  

The use o f  t h e s e  a s s ~ m p t i s n s  f n  p r e d i c t i n g  the  f a t i g u e  s t r e n g t h  

fop  61ST and 625-0 Is shown graph ica l ly  Tn Pigs, 3 and 4, A descr ip-  

t i o n  of the ccnstruclsion of these f i gu re s  is given below, 

I n  F i g s ,  3 and 4 the Eaigh-Soderberg diagram i s  drawn Tola 

unnotc1aed specimens, These curves, m a r k e d  A, a r e  drawn through 

experimental  va lues  of  a l t e r n a t i n g  s t r e s s  mean s t r e s s  r a t i o s  (sa/Sm) 
of 0 ,  1, and O 

Curves B in PQs,  "3rd 4 descr ibe  the nomfnal f a t i g u e  s t r eng th  

f o r  notched specimens, These cv;rves were obtained by d iv id ing  

bo th  alteernating and mean components of s t r e s s  by Ef, a s  pos tu la ted  

by Rosenthal and S ines ,  The s t r e n g t h  reduc t ion  f a c t o r ,  R f ,  was 

determined f o r  r eve r sed  bendillg (3, = 0 o r  s,/s, = co ) t o  be 

1,70 f o r  6lST and 1,92 for 613-0, 

Curves Ba aye shown f o r  comparison pxrposes an3 wepe obtained 

by d iv id ing  o n l y  the a l t e r n a t i n g  component of s t r e s s  by Kf.  This 

i s  the customary n~ethod of deterxmiraing the nominal notched fa t igue  

s treng-t;h, 



Curves C of Fits, 3 and 4 w e r e  o ' b to ined  by multiplying the 

l e s s  than Z P,izes t h e  ncairlal strea:: ,  However, Curves C probably 

yield l i n e ,  Coxisequentlg, the Psce.1 stress values read off from 

Curves Cs pegresent the local stresses corresponSing to 

noxi:?.al s t r e s s  curves 37, These curves  have been d-ram so tinat 

predTctiolns o l  no-tcki f a t i g u e  strength can be made on the basfs of 



Sinest  assumed Curves Be Curves C g  a r e  subjec t  t o  e r r o r s  outs ide  

t h e  y i e l d  l i n e s  f o r  t h e  same reasons a s  Curves C, 

Curves C and C ?  have been used t o  p r e d i c t  t h e  nomin.al notched 

f a t i g u e  s t r eng ths  of specimens w i t h  and without r e s i d u a l  s t r e s s ,  

These p red ic t ions  a r e  shown i n  Table XIV, page 20, The p r e d i c t i o n  

i s  made a s  follows: t h e  o rd ina te  of Curve C o r  C t  i s  read  o f f  a t  

t h e  p o i n t  where t h e  absc i s sa  i s  t h e  sum of t h e  l o c a l  values,  the  

equilibri'iam r e s i d u a l  s t r e s s  and t h e  mean l o a d  s t r e s s ,  and t h i s  

value of l o c a l  a t e r n a t i n g  s t r e s s  i s  divided by K t  t o  ge t  nominal 

a l t e r n a t i n g  s t r e s s ,  

For exmple ,  Table X I V  shows t h a t  one of t h e  6LST specimens 

t e s t e d  under condi t ions  of equal  me~in and a - l t e rna t ing  s t r e s s  had 

an equi l ibr ium r e s i d u a l  t e n s i l e  s t r e s s  of 11,000 p s i ,  T h i s  s t r e s s  

i s  l a i d  of f  on the absc issa ,  l o c a t i n g  p o i n t  D i n  Fig. 39  The 

45 degree l i n e  H r e p r e s e n t s  t h e  superimposed t e s t i n g  condi t ion  of 

equal  mean and a l t e r n a t i n g  conponents of t h e  l o a d  s t r e s s ,  The 

i n t e r s e c t i o n  of "ciis l i n e  w i t h  Curve C o r  Ca ~ e p r e s e n t s  fa i2 . -~re ,  

Considering RosenthaZ and Sines c r i t e r i o n  (Curve C ) , t h e  f a l l u r e  

p o i n t  i s  a t  G r ep resen t ing  a l o c a l  a l t e r n a t i n g  s t r e s s  of 1~,~00 p s i  

( t h e  o r d i n a t e ) ,  The nominal a l t e r n a t i n g  s t r e s s  i s  found by d iv id inpbg  - 

g t  = 2.5, This r e s u l t s  i n  a value of 6300 p s i ,  recorded i n  the  



seventh coluim of Table X I V ,  which agrees  wi th  t h e  n~easured value 

of 5800 p s i  wi th in  8 p e r  cent ,  I n  a s i m i l a r  manner, but using 

Curve Cr i n s t e a d  of Curve C ,  a p red ic ted  value o f  7100 p s i  i s  

obtained, 

Slrndlar conparrisonsin Table X I V  f o r  a19 t h e  t e s t s  show t h a t  

t h e  p red ic ted  values a r e  wi.thin - f 10 t o  20 pep cent depending on 

t h e  method of c a l c u l a t i n g  the  nominai Raigli-Soderburg curve f o r  

notched specimens, Rosenthal and Sines  concept of applying Xp t o  

both  s t r e s s  components y i e l d s  t h e  b e t t e r  r e s u l t ,  The conclusion 

t o  be drawn from tliis good c o r r e l a t i o n  between measured and pre-  

d i c t e d  f a t i g u e  s t r e n g t h s  i s  tha t  t h e  l o c a l  equiLibrium r e s idua l  

s t r e s s  can be t r e a t e d  a s  p a r t  of the mean s t r e s s  in z Reigh-Soderberg 

6.iagrar-n pertarining t o  local s t r e s s  components, 

seyve e l s o  t o  prec7ict the  e q n i l i ? r i u ~  . . -dues of resic'uzl s t r e s s  

( t h a t  i s ,  a f t e r  cyc l ing)  A c c o r d h g  t o  t h i s  coiicept, the  5.nitiz.l 

y e s i d ~ ~ e l  s t r e s s  - w i l l  not  t'u.ange if t h e  fail-tire point  on Curve C 

t h a t  c o r r e s p o n ? ~  t o  t h e  i n i t i a l  r e s idue1  s t r e s s  l i e s  betweer the 

-;riel8 lints, By ex.ten2.ing thj-s concept s l i , r h t l g ,  i t  csn be s'iown 

t h a t  an ixitial r e s i d u a l  s t r e s s  ~1:rich corresponds t o  a f s i l u r e  p o l r t  

outs ide  the y i e l d  l i i l e s  will change ( f a d e )  u n t i l  t h e  f a i l u r e  p o i n t  

moves t o  t h e  n e a r e s t  y fe ld  l i n e ,  

Of t h e  Tour t e s t s  where rwsiiiu21 s-kesses were measured both  

before  an? z f t e r  cyc l ing ,  ?Joe 5 had a failure po in t ,  based on 

i x r i t i a l  residual s t r e s s ,  t h a t  f a l l s .  ins i  d e  the yield l i n e s  and 



NOS,  1, 3 and 7 had f a i l m e  po in t s  outs ide  the y i e l d  l i n e s ,  These 

f a i l u r e  po in t s  a r e  the  i n t e r s e c t i o n  0% C~wves C with  the v a ~ i o u s  

dashed loading l i n e s  shown i n  Figs ,  3 and 4, 
For t e s t s  1 and 7 ,  fading  oeeured so  as  t o  pu t  the f a i l u r e  

po in t  a t  the i n t e r s e c t i o n  of Curve C and the y i e l d  l i n e s ,  For 

t e s t  3, the loading condit ions and i n i t i a l  r e s i d u a l  s t r e s s  were 

such a s  t o  cause y ie ld ing  on the compression s i d e  but  no t  on the  

t ens ion  s i d e ,  This can be shown t o  cause the r e s i d u a l  s t r e s s  on 

the  compression s i d e  t o  fade e s s e n t i a l l y  t o  zero, which has the 

a u x i l i a r y  e f f e c t  of reducing the r e s i d u a l  stm7ess somewhat on the 

t ens ion  s ide ,  This reduct ion  of s t r e s s  was a c t u a l l y  observed 

( s e e  Table X I V ) ,  

For t e s t s  2, 4, 6, and 8 where the  s i g n  of the i n i t i a l  r e s i -  

dual  s t r e s s  i s  known bu t  not the i ~ i a g n i t ~ d e ,  the meastred f i n a l  r e -  

sidu-al s t r e s s  value i s  c o n s i s t e n t  wi th  the r e s i d u a l  s t r e s s  changes 

t h a t  a r e  expected because OF the p l a s t i c  flow, The f a i l u r e  po in t s  

f o r  these  Pour t e s t s  l i e  on the i n t e r s e c t f  on of Curve C and the 

y i e l d  l i n e ,  and i n  a l l  ca.ses the y i e l d  l i n e  on which the f a i l u r e  

poin% l i e s  i s  the one toward which the  f a l l u ~ e  poin t  would be expected 

t o  move i f  the I n i t i a l  r e s i d u a l  s t r e s s  ( o f  the s i g n  whfch was known 

t o  e x i s t )  was l a r g e  enough t o  pu t  the corresponding f a i l u r e  poin t  

'beyond the y i e l d  l i n e ,  

F ig ,  3 shows an example of how the equi l ibr ium value of  r e s i -  

dual s t r e s s  can be p red ic ted ,  Far  t e s t  NO, 4, we assume t h a t  the 

i n i t i a l  r e s i d u a l  s t r e s s  was a  l a r g e  t e n s i l e  val.ue, and t h a t  f'adjng 

has occurred such t h a t  the f a i l u r e  p o i n t  3' l i e s  a t  the i n t e r s e c t i o n  

of Curve C and the  y i e l d  l i n e ,  Now the Eoa .d lq ;  Line E 



r ep resen t ing  Sa = 3 cen be drawn through F i n t e r s e c t i n g  t h e  m 

absc i s sa  a t  a p red ic ted  residuaP s t r e s s  value of +8000 p s i ,  

To summarize, a l l  t h e  da ta  conform roughly t o  t h e  concept 

t h a t  the  i n i t i a l  pes idual  s t r e s s  values w i l l  no t  change i f  the  

corresponding f a i l u r e  p o i n t s  a r e  i n s i d e  the  y i e l d  l i n e s .  If 

t h e  f a i l u r e  pofnt  corresponding t o  t h e  i n i t i a l  r e s i d u a l  s t r e s s  

i s  ou t s ide  t h e  y i e l d  l i n e s ,  t h e  r e s i d u a l  s t r e s s  w i l l  change wi th  

cycl ing  u n t i l  t h e  f a i l u r e  p o i n t  moves t o  the  nea res t  y i e l d  l i n e ,  

The only except ion i s  a minor fading  on the  f a i l u r e  s i d e  ( t e n s i o n )  

r e s u l t i n g  from p l a s t i c  flow and considerable  fading  on t h e  cornpres- 

s i o n  s ide ,  

The explanat ion of the  measured notched f a t l g u e  l i m i t  values  

i n  Table X I V  i s  now c l e a r ,  In 61ST t h e  y i e l d  l i n e s  i n t e r s e c t  Curve 

C a t  absc i s sa  values of considera-ble magnitude, Consequently, even 

a f t e r  fad ing  of' i n i t i a l  r e s i d u a l  s t r e s s  has  occurred, so t h a t  t h e  

f a i l u r e  po in t  i s  on t h e  2 ~ i e l d  l i n e ,  t h e r e  i s  considerable  e f f e c t  

of r e s i d u a l  s t r e s s ,  The e f f e c t  i s  favorable  i f  comgressive and 

de t r imenta l  i f  t e n s i l e ,  Thus r e s i d u a l  s t r e s s  can change t h e  f a t i g u e  

s t r e n g t h  of 61ST by a s  much as + 35$, - 
For 61s-0, the  y i e l d  l i n e  i n t e r s e c t s  Curve C essent ia - l ly  s t  

zero mean s t r e s s ,  Consequently, r e g a r d l e s s  of t h e i r  i n i t i a l  values,  

a.11 r e s i d u a l  s t r e s s e s  fade t o  approxfmately t h e  same equi l ibr ium 

values,  and they have no effecL on tkse f c t i g u e  s t r eng th ,  

For two reasons,  i t  i s  t o  be expected t h a t  r e s i d u a l  s t r e s s  w i l l  

be l e s s  e f f e c t i v e  i n  notched than i n  unnotched specirfiens, F i r s t ,  



s ince  K t  i s  l a r g e r  than Kf Gurve C i s  h igher  than t h e  un- 

notched curve, A s  a  r e s u l t ,  the rintercep-t between t h e  y i e l d  l i n e s  

i s  s h o r t e r  f o r  Curve C than f o r  the  curve f o r  the  unnotched f a t i g u e  

s t r e n g t h ,  T h i s  means t h a t  t h e  e f f e c t  of equi l ibr ium r e s i d u a l  s t r e s s  

i s  smaller  i n  notched specimens than  unnotcbed specimens, Second, 

f o r  equal s lopes  of Curve C and t h e  curve f o r  unnotched f a t i g u e  

s t r eng th ,  the re  i s  a g r e a t e r  percentage e f f e c t  of  equi l ibr ium 

r e s i d u a l  s t r e s s  on t h e  unnotched f a t i g u e  s t r eng th ,  

The conclusions regarding t h e  e f f e c t i v e n e s s  of r e s i d u a l  s t r e s s ,  

according t o  Rosentbal and Sines! data ,  can now be enumerated, 

The s t e e p e r  t h e  Haigh-Soderberg diagram, t h e  more e f f e c t i v e  

i s  t h e  r e s i d u a l  s t r e s s ,  

Residual  s t r e s s  becomes l e s s  e f f e c t i v e  a s  t h e  r a t i o  of 

=t t o  Kf i nc reases ,  because t h e  i n t e r c e p t  between 

t h e  y i e l d  l i n e s  becomes s h o r t e r ,  

Residual  s t r e s s  becomes l e s s  e f f e c t i v e  a s  the  f a t i g u e  l i m i t  

becomes a l a r g e r  and l a r g e r  f r a c t i o n  o f  t he  y i e l d  s t r eng th ,  

Percentagewise, the  e f f e c t i v e n e s s  of r e s i d u a l  s t r e s s  w i l l  

be smal ler ,  if anythtnp, f o r  notched specimens than  f o r  

m n o t  che d one s  , 

These conclusions apply only t o  s i t u a t i o n s  where pol i shed  specimens 

have becn subjec ted  t o  a sur face  t reatment  involving r e s i d u a l  s t r e s s ,  

As discussed. e a r l i e r ,  t he re  may he considerably i a r c e r  improvements 

Sy shot-peening a  roughened o r  as -hea t - t rea ted  su r face ,  The 

mechanism of t h i s  improvement i s  not  yet c l e a r ,  



Other investigators have also stated %ha% the r e l a t i v e  

beneficial effect of residual stresses is &pendent on the ratlo, 

S,/S~. The build-up of residual stresses in initially stress- 

free specimens has also been reported by various investigators (15). 

Harris (23) states that shot-peening is beneficial in steels having 

endu~ance ratios below 0.45 to 0,50, Mattson (14) states that the 

maximum residual stress due to shot-peening is about 60% of the 

yield strength and is somewhat higher for softer materials, Be 

also indicates that the selection of? shot-peening and surface 

rolling treatments sh.ould be based on hardness, In this connection 

it is interesting to note that there is a general tread of decreasing 

value of S,/S with increasing hardness as shown in Fig. 5 ,  For a 
7 

material having a high hardness, the ~xnrmtched bar fatigue limit 

is considerably less than the yield strength, Therefore, residual 

stresses would be expected to ,have a significant effect on the 

fatigue strength, 













1, BT, F, Garwood, 6, H, Zurburg, No A,  Erickson, "Corre la t ion  of 
Laboratory Tes ts  and Service ~erfoxm~:n@e", Ln te rp re ta t ion  of 
Tes ts  and Cor re la t ion  w i t 1 1  Service,  American Society SOP pJetals, 
Cleveland, Ohio, 1950, pp, 1-77: 

2 ,  R e  L, Nattson,  "Fatigue and Residual S t res sesBB,  G, E, Report 
R s 6 ~ ~ 3 3 ,  March 15, 1956, pp, 60 - 62, 

3. G., Sachs, "Survey or" Low Alloy A i r c r a f t  S t e e l s  Heat Treated t o  
BIgh Strengtl-i Levels'" Pa r t  11, Fatigue", Syracuse Universi ty  
Report Hoe 53 for WAnC, Augo, w53 

4. He F, Moore, " s h o t - ~ e e n i n ~ " ,  
Handbook, McGraw-Bill, 1953, 

A. @, H, Coorr~bs, F, S h e r r a t t ,  Je A ,  Pope, "An Analysis of t h e  
Ef fec t s  of SFlot-peening upon Fa.tigue S t re rq th  of Hardened and 
Tempered SprrE-lg S t  eel'" 'Fhe In term- i;i o n E  Conference on Fatf gue 
of K e t ~ l s ,  Sessrio;? 3,  7 q e r  1, I;o~--cjo9, SeAdt,,  1956, 



R. Lo Eattson, "Ei'fects of 
Netals", Steel Processing, 

Residual Stress o n  Pat5.gv.e Life of 
June 1?51/-, ;3p0 355 - 390,  

R e  L, Xattson, f'~atigue, Resldual Stresses and Surface Cold 
Workingn, International Conference on Fa"t21ie, Session T 3  
Paper 5, London, Sept,, 1956, 

H, Buhler and H, Cuc.M-toltz, "Uber die Ifir1mn.g von E1genxpannungen 
auf die ~chwin~un~sfesti~keit"~ - Institut, 
Dort-mnd, Vol, 3, No, 8, Sspt,, 

H, B u h l e r  and Be Buchholtz, " ~ i e  WirImnc veil Eigenspa~mungen auf 
die ~ie~esc.hwin~un~sfesti~keXt", Stahl und Eisen, Vol, 53, 
Deeo, 1933, PP- 2.330 - 1332- 

lateed 

Jan, 16, 1956, 

J, To Horton and D, Rosenthal, "An Investigation of the Behavior 
of Residual Stresses Under External Load and Their Effect on 
Safety", Welding Research Council, Research Reports, Vol, VIII, 
1943, pp. 63-s - 78-s. 
0, J, Horger and B, R, Neifert, @Correla.tion of Residual Stresses 
with ~atieue Strength of Machire Elements and Related Phenomena". -. 
Residual Stresses, Edited by 3, R, Usgood, Reirihold Publishing 
Zorp,, New York, 1954.9 pp. 242 - 2&. 

R, Schmidt, "The Eending Faticue Strength of PTachined Cranlrshefts 
after Straightening, with Notes on the Stress Distribution 
obtained by Extensometer and X-Rap Diffraction Measurements", 
Deutsche Luftwacht, Luftwissen, Vole 9, Sept, 19b2, pp, 263 - 267, 
Journal of the lron and Steel Institute, Translation Wo, 157, 

D, Rosenthal and G, Slncs, ?Effect of Residual Stress on t h e  
Fatigue Strength of Votched ~~ecimens*, Proceedings ASTM Vol, 51, -3 

1951, PPO 593 - 610, 

W, J, Harris, "The Influence of Shot-peening on the Fatigue 
Properties of Steel", Netallurgia, Vol, 45, No, 272, ~une, 1952, 

Grover, Gordon and Jackson, f &tals and Structureg, 
U. 5 ,  Govermnent Irintinp O k 0 


