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SDdllA SURFACE -ITS ON THE 

FrnCUB PRoPEBms OF METALS 

Report of work under Consultan9 Agt'ecnnent Ref. ~ ~ t . 2 / 3  B, H c / s / ~ ~  
f o r  YUnistxy of Aviation 

Section A reviews e d s t i n g  knonlede about m e c h a i d  surfaoe treatments 
and fatigue. Data show that  proceases suoh as shot peening M u c e  r e d d u d .  
oampression, work harden the aurlaoe layer urd al tar  the suri.os goomafry. 

Fatigue ef fec ts  a r i s e  mainly from t h e  residual eomprrrsire s imsa  whioh 
improves fatigue strength in mimy eases by idr ib i t in6  the t a r r i l e  prop.gatioa 
of fat igue aracka; it has l i t t l e  ef fec t  on orack M t i a t i o n  or propagation 
i n  a hear ing mode. Guiding ru les  an given. 

I n  Section B case historieo giving experimental erldenoe f o r  a *.ria* 
of oircunstances are reviewed. 

It i s  ooncluded tha t  in test ing,  speoimen o r  oomponent shape i a  all 
-0rtMt. 

(An appendix t o  M 1, Sectior: B, on C a w d i s t o r i e s  is  avaUbble a r  
S & T Memo 2/66). 
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'The influence of Sh0t-pneninRm.n 

similar surface treatments on the 

f a t i m e  v r o ~ o r t i e s  of metals". 

General Introduction -. 

-8 f a t i g ~ e  strength of metal oomponents oan often be increased by the  
propar use of shot peening o r  a similar mechanioal surface treatment, and these 
prooossns are  regularly used i n  some sections of tho mechanical engLneering and 
a i rc ra f t  i n ~ u s t r i e a .  Their widespread adoption ewes a great deal  t o  the work 
of Almen and his associates, who used them on a p d u o t i o n  scale i n  h e r i c a  
from the early lCM1s, but the elrperimental bas is  goes baok a t  l e a s t  t o  the 
e d y  1 9 3 0 ' ~ ~  when Thm and Fop9  showed quite clearly that  controlled cold 
worMng oould improve fatigue porfomanoe. In  spi te  of this, a modern 
engineer deciding wb-ther or  not t o  specify shot-peening f o r  a partioular 
component i s  often not able t o  say with confidence that the treatment nill 
improve matters, unless expensive t e s t s  have already been ouTied out on proto- 
types. Without consideraXe diroct experience i n  the use of the p-iculw 
prooess, he w i l l  have d i f f i cu l ty  i n  drafting a specification l i k e l y  t o  approaoh 
the optimum, and even an experienced user finds it di f f icul t  t o  guem the 
magnitude cf any improvement. Finally, i f  the process is precisely specified, 
control a t  production level  may be d i f f ioul t ,  and reasonably rigorous inspection 
methods a re  not generally established. these factors detraut f r o m  the use- 
fulness of the mechanical surfaqe treatments, and hinder their general applioation 
t o  components whioh m i g h t  well be substsntially impoved. 

The d i f f i cu l t i e s  f a l l  broadZy i n t o  b o  groups, ad with t h i s  in mind the 
review has been divided in to  two main parts. In  the first place, the wholo 
question of why shot-peening improvos fatigue strength a t  a l l  has only been 
explain& in  a very rudimeatary way. It i s  usually oonsiderd enough t o  point 
out tba t  I.t induoes residuel compression in tho surface, and that oompressive 
mean r trosses ra iso  tho allowable ran@ of oyolio stress. This only pushes 
tho problem on9 stage furt'wr away, and does very l i t t l e  t o  rat ionalise some of 
the  known f a c t s  a b o ~ t  peoning, including the very important on0 that  poening 
does not altvays improve fatigue strength. There i s  neod, then, f o r  a "general 
theory of shot-peeningn, or, being more r d i s t i c ,  a working hypothesis based as 
much a s  possible on modern fundamental f a t i y e  knowlodge, but 'mlying on experi- 
mentnl, empirical ru les  t o  fill tho gaps. This w i l l  be attemptad in Pert I, 
below, Section A boing a gencrcl exposition, and Seotion B an exmination of same 
t e s t  r e su l t s  w i t h  the working hypothesis i n  mind. 

The second typo of d i f f icul ty  could bo oalled p u r e  p rac t iod ,  and i s  
typical ly enaounterod whon a surface t r e a t m a t  roaches the pmduction h e .  
Questions such a s  "What exposure l imi ts  are  allowable ?", %or, can we aheok 
exposure ?", m a t  happens a t  tho  Bdge of a poened regla ?", and a o e s  a 
soratoh through the peened surfaoe ruin i t s  effect  ?" ace all asked regularly, 
and often not answered s t i s f sc toP i ly .  The m m w s  t o  of these problems 
have not yet boen established, but the  aim of Part 11 be t o  report exist ing 
experienoe, ani comment, again with the  working hypothesis in mind. 

General charscterist ios of shot.aeeninn.eto. 

The term %echanical surface treatments" w i l l  be used below t o  mean those 
treatments w h i c h  deliberately cold w o r k  the surface of a component, n i th  the sim 
of improving its fatigue strength. This inoludes s h o t ~ e e n h g ,  vapour-blasting, 
paou-blasting, grit-blasting etc., and much of the  discussion dl1 apply equally 
well t o  cold-rolling and barrel-tumbling, although no attempt has been made t o  
cover these oomprehonsively. The d c m i n ~ t  %Lastingn pmoess, from a fatigue 



rlewpoint, i s  &&-peening, where the part icles are  comparatively large, and 
fha affe0t.d surfaoe layer comparatively deep : nsmell-partldlen pxmcesses, 
uoh as rapour-blasting, are  irpportmt in volume of production, but do not 
r a l y  so heavily on induoing a s i g i f i o ~ t  depth of cold worldng, and do not 
#merally have suoh a pronounoed fat igue ef fec t  a s  shot-peening. 

fn tha l o t  peening operation, the  treated surface i s  impacted by a 
h a m  a? shot, *oh oauses p las t io  doionnation i n  a ahallow skin. The 
Lsehiak effec ts  are that:- 

A A state of residual stress i s  s e t  up, the  th in  suriaoe skin having 
fairly high compressive stresses, balanced by smaller tens i le  
s tresses in the  core. 

8.  -atlo flow in the surf'aoe material oauses the ususl changes of 
meohanid  properties, such as work-hsrdening. 

C. ChYrges ocour i n  suriace geometry, often a roughening of the 
b e d i a t e  surfaoe, mmetimes aocompanied b y t h e  for'mation of fine, 
shallor oraoks. 

Any attempt t o  explain the  meohanism by whioh ahot-peening inproves 
fatigua strength must talro aocount of all these factors, and of the i r  inter- 
aotiana on .soh other. Some of the  ear l ios t  experimental work in t h i s  
f l dd  -8 aimed at separating the  ef fec ts  of r e o i d d  oompreasion from those 
o f  work ha:?dtming, so tha t  tho approach i s  by no means new, but the ame 
d i d r i o n  bas been used in the  present aacount, skrae it still seems the  
most promising l i n e  of attaok. 



RPrf 1. Basic P r i n c i ~ l e s  of Kechaniaal Surface Treatment 

Introduction 

TO an engineering designer, the most elmentary problem in this aphero i s  
t o  decide *ether o r  not a certain component i s  even l ike ly  t o  be improved'by 
mechanical surface treatment. Experience has led t o  a number of empirical 
ru les  which a t  least holp t o  spot the nunfavourable" situation. Fuohs (1963) 
has swnarired the ones f o r  shot poenbg very well:- 

Parfs  with section changes or other s t r ess  misers cen 
benofit more by shot peening than parts that  are anooth. 

M s  with skins tha t  aro prone t o  fatigue damage 
(decarburization, corrosion attack, chromium ploto) 
can gain far more than parts without such &ins. 

Potential p i n s  in fatiguo l ife inarease dth the 
hardness of the s tee l ,  regerdless of al loy content. 
A t  equal hardness levels, various stoel  alloys gain 
about oquduy . 
I f  fa i lures  occur a t  l e s s  thw. 1000 cyales, shot pedning 
i s  not l ike ly  t o  help. If they occur at m e  than 
100,000 cyales, shot peening i s  l i k e l y  t o  i a O r c W e  the 
l i f e  by a large  factor. 

Large and snall par ts  aan gain equally by peening. 

Fatigue fa i lu res  almost always start at the surf'ace." 

Rules of this type sus t  be the  outcome of the rational,  fundamental 
mechanism by which shot poening knproves fatigue 1Ve: the  implication i s  that  
a f u l l  understanding of this mechanism would simplify the n i les ,  and widen t h e i r  
scope. Any complete explanation must be based on a conpleto understanding of 
the  fatigue mechanism, and this does not yot exist ,  although m J o r  advances have 
been made i n  tho l a s t  f i f teen years o r  so. In Section A, below, an attempt i s  
mado t o  examine the  implications of those advances, and develop a simplified 
mechanistic approach t o  the  surfaoe treatnents, and in Section B the  approaah 
i s  applied t o  some of the published work i n  the f ie ld .  

It i s  convenient t o  brook down the  imnediate ef fec ts  of nachaniosl suriaoe 
troatmonts i n  the  samo way a s  was suggested in the g e n d  introduotion, and 
Section A w i l l  consider in turn the ef fec ts  on fatigue of:- 

( i )  Residunl s t r ess  

( i i )  Work hsrdening 

(iii) Surface prof i le  changes. 

Seation A: The Mechanisr of Fatime Str- Imvrovement 

1 Crack in i t i a t ion  and crack  manst ti on 

The nechanisn which s texts  a crack i s  not necess- the  same a s  
that which makes it grow. FaUure t o  recognise this led mang early 

I. 
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fa t iye  theories in to  d l f f icul t ios ,  and in tho w e  way somo of the 
8ug6eotions made about surface treatments a m  of doubtful use. It i s  

t now a p m t  tha t  apeoimons end components contain cracks f o r  a 
i +cry hi& proportion of the i r  l ives ,  and all suggostions must take 

aooornf of this. 

Tho search for the basio mechaniam which starts a fatigue ornok 
i e  k i n g  oontinued mainly by oleatron microscopy, in assooiation w i t h  
the mathematioal theory of o~ystal defects. Referrnoes aro  nwneroua, 

I but Thanpaon and Wadsnorth (1958) sttmnnrized tho si tuat ion up t o  a few 
years a*, and both Konnedy (1962) and Maolean (1962) uso the  remilts  
extensively in general textbook form. There i s  no doubt tha t  a nonrokn 
(or some f o m  of subaicroscopio %olon) i s  formod by the  movement 
witbin a orystd of didooations ( L e o  a l i n e  of mis-fitting atoms) and 
point defects (i.e. a vaaanoy in tho crys ta l  l a t t i c e ,  o r  an extra atom). 
A preoise description of tho mochenisn would sew to be nore in teres t ing  
to a physicist than t o  a desi,g engineer, but one af  tho bssic differences 
between soma of the oaopeting theories has a very pract ica l  engineerky 
dCpliflcsnoo. Put very sisply, the  ~eohaniams a r e  of two ferns:- 

(a) Prooesses relying entirely on dislocation novament , 
f o r  k a q l e  Wood (1956). 

(b) Processes in which the  folMfion and diffusion of 
vaoanoies ays an inpertant part, for  e*enple 
Yott (1955f 

Tho tmgheerlng significence i s  tbot if process (a) is  the dominant one, 
only the _lanne of show s t ress  w i l l  a f fec t  the in i t i a t ion  of a crack, 
tho nean or  peak valuos being mimportant: on the  other hand,. the  
difiusion prooessos in  (b) w i l l  be affected by moan stress. Themfore 
a simple answer t o  tho question 900s diffusion of vacanoios play a 
part i n  i n i t i a t i n g  a oraokn i s  also an anmor t o  tho question "Does mean 
stress a f fec t  tho in i t i a t ion  of a orack". 

Tho real situation, of courso, oannot bo resolved i n  such simple 
tenas, and there i q  l i t t l o  doubt that diffusion of vacanoies i s  important 
in m e  circmstanees, ( f o r  instance weep-fatigue) but not in others 
(e.g. low-stress fat igue at very lo- temperatures). Even the simple 
picture of dislocations gliding on fixed crystal  planes undor fluctuat- 
ing ahear s t r ess  i s  not complete, s h c c  tho Hcli3b" of disloaations M 
one plane t o  another i s  a procoss affected by t ine ,  temperature and 
sustained stross. Tithout getting involvod in this complex subject we 
can, f o r  our prosent purpose, note the following trends:- 

( i )  A f a i r l y  g o n o d  aoceptanoe of dislocation glide a s  the 
crack in i t i a to r ,  d t h  s l i p  on nore than one plane 

a s  cn almost essential condition, 8.6. Mott (1958). 

(ii) Recognition of diffusion a s  an inportant sooondtq process, 
negligible a t  low tonporatwes, low stresses and high 
cyaling mquencies,  but more pronincnt et high tempmatures, 
high s t resses  and low frequencies. 

( i i i )  A swing away fron phenonenological explnnations based on 
progressive nork-bdening, such a s  Omwan' s (1939). 



1 e j  l Crack propemtion 

&cperimental m r k  on crack propagation has not been a s  intensive as 
the work on crack in i t i a t ion ,  and has beon carried out i n  the maia by 
engineers, rather than by physicists. One resul t  i s  that tho o e n t d  
theories on the topic are  phenomenolo@cal, l i k e  Head's (1953)~ and 
explanations a t  the atomio level  are  not nearly a s  w e l l  developed. 
Head's approach, based on Orowan's conoept of p las t ic  elements progres- 
sively worlrhardening, l inks  successhilly with observed r a t e s  of craok 
@&h, but in the present context, we are looking for the mechanistr by 
which shot peening inproves fatigue l i f e ,  and it i s  reasonable t o  expect 
most help from speculations about the  mechanics of omck path, r8ther 
than from models displaying the  same rimthematical charac te r i s t ios~  

A basic d i r f i o d t y  i s  t o  decide when a crack stops ' ini t iat ing '  (md 
starts 'propagatingt, and it must be admitted that  a craok has not y e t  
been defined i n  a w e y  w'dch allows t h i s  distinction t o  be hade w i t h  pre- 
oidon.  Many writers  fM that the fatigue process has t o  be divided 
in to  more than two phases: for instance Lipsett e t a  al. (1959) 0bserPed 
f ive  stages i n  aluminium sheet, althou& the i r  loading c a d i t i o n s  and 
material anisotropy seem t o  account f o r  some of the changes. One of the 
most helpful observations i s  t:let of Stubbington and F ~ s y t h  (1961), 
writing particularly of corrosion fatigue in  Al-Zn-Icg alloys: they 
distinguished three phases, i.e. 

(a) Craok in i t ia t ion .  

(b) Stam I propagaticn(in the  shear mQde, i.e. at some 
app-eciable angle t o  the  fnmdmm tensi le  stress.) 

(0) Stage 11 propagation ( in  the tens i le  mode, i.e. in a 
plane normal t o  tbe mEudmum tens i le  stress.) 

They found varying proportions of sheamcode and tensile-mode 
cracks according t o ,  s t r e ss  l eve l  ( ro ts t ing  .. uantilever) m ' other I 
variables, including cases =hen shear-moda cracks were "Rot apparentn. 
The general idea, thou&, ef a transi t ion phase of shearirig-type propags- 
t ion,  sandniched between a siiear-dcminatod Mt i r r f ion  phase and a tendon- 
dominated main propagation phase, sosms logical. I n  anot!er paper, 
Forsyth (1961) extonds the idea, suggesting that the change t o  Stage 11 
gZ.Offth occurs when a crack meets a s l i p  obstacle such a s  a grain bornzbary, 
tha t  the cr i ter ion f6r growth i n  this stage i s  the EBXIIOUD principal 
tens i le  s t ress ,  and that s t r ia t ions  o r  beach markings on the fatigued 
surface may occur duein; t h i s  phase. 

Forsyth and Ryder (1961 ) suggest that those s t r ia t ions  are f o n d  
by internal  voids opaning s h o d  of the crack t ip ,  and Holden (1961) 
reports  X-ray diffract ion studies which support this, but the exact 
mechanism i s  still  doubttbl. 

Even without t h i s  knowledge the  ideas are still use-, and we can 
add two further  commont sr - 

( i )  Measurements by RoWe and Munso (1963) show thst the renge of 
maximum principal s t r a in  near the t i p  of a oraok builds up t o  
a steady value a s  the  crack starts t o  propagate: t h i s  possibly 
provides the change i n  circumstances needed f o r  the  suitoh fruu 
she6r-mode t o  tonsile-mode propagation. 

(ii) Observations suggest that extensive regions of sheamnode 
fracture can occur when e i ther  a mean compressive skess, o r  
marked material a n i s t q y  i s  present. 

3. 



Tho work of Frost (1956-1963) Md his oo l l eayes  on non-propn@ing 
m ~ o k r  i s  of d i rec t  importance t o  our present theme. Extended experi- 
mental work, reported i n  many papors, has established quite firmly t h ~ t  
rban ate* stress m d i e n t s  (sharp notches) r r e  present, macks can bo 
M o d  a t  tho most highly-stressed point and then f a i l  t o  propagat. a s  
th.0 reach n g l o n s  of lower w e d l  stress. The c f i t i c d  a l ternaf ins  
-88 required t o  propagto a craok i s  given by a C= C, where a = 
ilf.m*tiry st ress ,  C oraok length o r  depth, C = a material constant. 
Extraata f"re0 the l a t e s t  experimental r e su l t s  a re  given i n  Table 1. 

Table 1 . (a f t e r  Frost, 1963) 

In  h i s  l a t e s t  paper s t  r e f e r s  t o  the ideas of Forsyth and Holden, 9 aocepting tha t  the  a 6 celntionship i s  probably restricted t o  tensile- 
mode propagation, and un important soction of Holden's paper examiner 

. I  
i 

the  si&ficance of non-propagating oraoks. Holdents finding that a 
minb~m f i n f t e  volur~e mu-t suffer  deformation f o r  the crack to propagate, 
gives a new physical meaning t o  a vory long-standing idea, i.e. Neubert s 
mathematical concept of a minimum element over which the s t r css  must 
oxoeed some c r i t i c a l  d u e .  

, This work has already shed much li&t on the notch and s i re  
effects ,  and will obviously be developed mu& fwther ,  but we have 
mou& information f o r  our present purpose, and can summarize the  
Nndinga a s  follows. 

1 -5. The mechanism of fat-: 

Frost (1963) describes the *lest possible fatigue situation 
in these terms:- 

Vhen a plain spocimen i s  subjected t o  stresses greater than the 
plain fatigue limit, oyolio shear stresses cause macks t o  
devolop on s l i p  planes. Such s l i p  plane cracks penetrate t o  a 
certaindepth and then change t h e i r  direction of growth f'ra~ 
that of the  erys ta l lomphio  s l i p  plane t o  being noxmal t o  the  
applied loading. They now propagate under the action of n o d  
cyolio stresses by a mechanism distinct Prom that rosponsible 
for  s l i p  plane cracking." 

We may extcnd t h i s  simple picture by adding:- 

(i) men the crack i n i t i a t e s  a t  a notch, the range of alterru- 
t i n g  shear stress will diminish a s  the cxack starts t o  



propagate amy f r o m  tho notch t i p ,  dowing the  r a t e  of shearmode 
progress, and possibly halt ing the crack before ~ t i s f y k r g  the  
oondltions fo r  continuing i n  the tens i le  mode. 

Departure f"rom a simple tension-oompression cycle will modify the 
balance between range of alternating shearing s t rass  and maximum 
principal tens i le  stress, probably modifying tho balsnoe between 
shear-mode and tensile-ode progress. In the extrvnne case of a 
oompletely compressive cycle the  whole process of aracMng may 
re ly  on shoaringwmde. 

Local variations in material properties, and especially snisotropy, 
may confuse the picture. For instance, propagation w i l l ,  p ~ s l l n a b l y  
continue under the fas tes t  available mechanism and direotional 
properties could cause shearing on a part icular  plane t o  offer  
f a s t e r  progsess than tonsile-modo on some othor, stronger plane. 

A macroscopio craok nonnal t o  the applied load Is not oertain 
evidence that  t ens i l eaode  propagation was responsible. When a 
high s t ress  f i e ld  i s  narrow i n  extent, a shearing craok oould 
s i p z a g  on al ternate 90' planes giving a generally n o w  orack. 
McClintock (1952) and Petorson (1959) have both suggested this a s  
a basia propagation modo, and while it must be rogardod 88 super- 
sod& by Forsythts sugpestion, it oould still  happen in speoial 
oirornnstancos. 

Ono tadt assumption, of course, i s  that tensile-mode progress 
i s  inherently f a s t e r  than shoar-amdc, unless special collditiona i n t e r  
vene. 

2. Stresses and rosidual s tresses 

2.1. The influonco of moan s t ress  

To a single grab of matorial, a macroscopio residual s t r ess  must 
seem the  same as an applied moan stross, and hate muoh the cume offeot. 
The gross influence of mean s t ross  on t o t a l  l i f e  t o  fracture i s  well 
documented, e.g. Smith (1942) or  Sines (1955). A tens i le  mean s t ress  
decreases the range of alternating s t ress  fo r  a 8iven l i fe ,  a oompres- 
s i r e  mean s t ress  increases it, and a mean shear atreas has l i t t l e  offrot.  
These are generalixations, and exceptions have be= reported: the  only 
res t r ic t ion  r e  need t o  note a t  present, though, is  tht yleid on a 
macroscopic scale a t  any part  of the stress cyale w l l l  introduce apeoiil  
oonditions. 

The most d i rec t  simplirying assumption we can make about mean 
s t ress  i s  that  it has no ef fec t  on the in i t i a t ion  of a fat igue craok, 
nad only changes the t o t a l  l i f e  of a spocimen by a l t a  the  propaga- 
t ion process. Some authori t ies  do, in fact ,  aooept th i s ;  Fhil l lps 
and Frost (1963) s ta te  quite boldly that ". . ... only the d t m t i n g  
component of a load leads t o  the In i t ia t ion  of a d a o e  fat igue oraokw, 
and strong evidence i n  sup- of t h i s  goes baok a t  least t o  Cou&hts 
single cxystal work of the  1930ts. The r e a l  problem i s  no longer 
whether o r  not the statemel t i s  broadly true, but rw it Is not  more 
widely aooepted a s  tme, and why it has made so l i t t le  lmpaot on 
fatigue design rules. Hany hypotheses in fatiye,  suoh ar CeFb.r's 
and Goodman's ru les  f o r  the  effeot of mean stress, Yiner's %awn f o r  
oumulative damage, and various suggestions f o r  dealing nith oambined 
stresses, a r e  obvlous topios f o r  M approsoh on these lines, but wen 
in the few cases where such an approach has been tried, it bas not 
been spectaoularly swoessiul. 



Cbe of the  obstaoles ha8 oertainly boen that there was l i t t l e  
-able iniormrtion about tho extent of the tpropa@ionf phase, and 
dthou& the  oooumence of son-propagting omoks had been noted, d o t a i l d  
rridaroe n o  laoklng. Botb them gaps in knowledge are now boing 
rtoad%ly ff l led.  The existenoe of two possible mdes  of propagation, 
8hrrr and tens i le ,  has wrnetiimos been aoknowledged, but the possibi l i ty 
of a dsM@ in oonditions affeoting one mod0 more than the  othor does not 
mom t o  hare been thoroudNg examined. &in, tho cements on diffusion 
of raoanoies in paza.l.2 above, suggest that the basio premiso may i t so l f  
break dorm when high stresses, high tomperaturos, and alow load oycling 
u'9 preaent, i.e. in the oiromstanoer w b r e  we would nosmdlly expect 
creep t o  play a part.  rinrlly, w k o d  anisotropy of the  f a t i ~ e d  
mated81 oould so ohange tho  direation of propagation of r araak, tha t  
d q l e  a o m l a t i o n s  broke dom. 

A l l  these factors coniu~o the issue, and no dou%t other modifring 
i a f i u ~ n o e r  operate in sane rpeoial oases. If the original principle is  
to be hedged about with res t r ic t ions  and alterat ions,  thou&, it w i l l  
Mon loose i ts  simplityind influence, md a dollborate coapomise must 
be made botwsan unioorsal and precise applicabil i ty on the one han3, and 
mao of use on the  ather. 

2.2. A R u i d i n ~  Drinoido f o r  the effeot of mean s t ress  

With this ia mind, then, wm may stater- 

A fat igue crack forms in t'nree stages, (a) M t i a t i o n ,  
(b) Shear propagation, (0) Tensile propagation. I n  
normal oircumstcmoes, a oompressivo mean s t ress  w i l l  have 
no ef fec t  on orack in i t ia t ion ,  and only a JDoll ef fec t  on . I 

ahear propagation, but dl1 d g n i f i o m t l p  inorease the  
range of applied stress needed t o  sustain tens i le  propa- i 
gation. * i  

The points we need t o  remember when applying t h i s  are:- i 
(i) '93ormd oiromstanoes* a re  ones in whioh no macrascopio yield 

ooarus during the loading oyolo, d no d a i f i c a n t  m o m t  
of creep i s  expeoted. 

(li) Total l i i o  may be lDade up of vnrying proportions of sfagss (a), 
(b) d (0) in d S e r e n t  circumstanoes, inoluding tho oonpleto 
absence of any partioular stage (8.g. when a treatment induoes 
suafsoe oraoking from the outsot). 

(iii) Meen shear stressor qf any sor t  w i l l  not affoot any stage. 

( iv)  The Important s tresses are those exparienood crack, 
and are referred t o  the  direotion in whioh tho crack i s  
propagating; thus a tens i le  mean atross pul ls  the orrro:: 
faoes apart,  a oompressivo stress presses them together, 
and shearing stress t r i e s  t o  d i d o  them over each other. 
These obvious sbtements boooma essential guidon h e n  a 
oraok i s  ahangin6 dirootion !n a aoomplex s t ress  f ield.  

h e  part of this n i l o  has boen statod with no prior exaE1Snation, 
i.0. that moan s t ross  has a "smcill, seoandary effeotn on show propa- 
gation. This bas been indtxled ~ i t h  tho nork af Pindlep &.ale (1956) 
in mind: they suggested a oombined stress fa i lu r5  mi ter ion basod on 
the  "range of o y o l i d  show s t ressn ,  w i t h  a modiiying tern t o  ollorr 
for diroot s t r ess  nannal t o  ttre path of tho oraok. Without adopting 



the  whole of t h i s  appmmh, tho simple concapt of compression fmcing 
togother the facos of a crack, so tha t  f r ic t ion  bebeen them carries a 
portion of the cyclical shear, seems a reasonnhle one. Any nore 
rigorous application would need an experimental value f o r  the "coefficient 
of n o d  s t ress  effectn, and i f  t h i s  proved t o  be raw the ef fec t  would 
dimply drcp out. 

2.3. The s ~ e c i a l  circunstnnces of the  fatigue qidt" 

A p a r t i c u l ~ l y  careful approach must be made when wnsidering the 
materials with a well-defined plain f=tigue l i m i t  (i.e. for polished 
sp8ctPens), such a s  mild steel .  Vithin the frautenork we have established, 
the  simplest idea of a plain fntigue limit supposes that it is the  lPinimm 
range of cyclical s t ress  needed t o  i n i t i a t e  a m o k ,  i.e. complerte Stage I. 
If t h i s  wen, so, mean s t resses  nould have no effeat on the f a t i y e  limit of 
polished specimens. Expcrimcntally, t h i s  i s  not true, and it beoanes 
nocossary t o  t r ea t  the  fat igue limit a s  tho minirnrm s t ress  needed to  
~amplote stagos (a) & (b), t o  f i t  the  observation thst mean s t ress  has 
a small effect  on plain fat iguc l i m i t s  and a lsrger ono on notchod fatigue 
b i t s .  Tho sharp dist inct ion betwen stagos (a) and (b) then tends t o  
mergo in to  a gentle t ransi t ion,  from a slip-induced surf'aoe roughening a t  
the start, t o  the defini te  propagntion of a &oar crack a$ Stage (b) gets  
under way. A perfectly polishod specimen, fatiguod Just under the  l imit ,  
could thus run indofinitely f o r  one of two ressons: e i thor  because no 
s l i p  bands ionnod a t  all, o r  becauao they fomed, but f a i l ed  t o  aahieve 
the  m i n i m u m  length of crack requirod t o  s t a r t  tens i le  propagation. The 
aeoond oondition implies tha t  the  specimen w U l  eontain non-prapadafing 
maoks whioh have come t o  a balt i n  a reasoMblg W o r m  stress field, 
whioh i s  much more d i f f i cu l t  t o  accept than the idea of oraoks h d t i n s  
a f t e r  moving away from a n o t h .  Several ways round this difficultp O m  
be suggested, inoluding tho cmplete rodeotion of a 
specimen a s  an experimental possibility, but muoh more needs t o  be knam 
about the conditions controlling shearing propa&ion before a deeper 
analysis i s  possible. Since crack ~ropagation i s  only an incidental 
concern of the present survey, we can note the existence of the d i i i i c w ,  
wnclude tha t  it doos not conflict with the experimental observation tha t  
residual s tresses have only a small effect  an plain fat igue l imits ,  Md 
pass on. 

2J, Bquatinn residual s tresses and msan stresses 

It i s  usual, and valid, t o  regard a residual stress a s  e q u i r d c - t  
t o  a steady mean stress. Three fac tors  musf always be oonridersd in 
using t h i s  approach, thou*: +ey aret- 

( i )  A residual s t r ess  system i s  rare ly  a uniform, miaxia l  One, 
and care must be taken that  all l ike ly  stresses ham been 
considered. 

(ii) The nature and magnitude of the r e d d u d  streasea induoed by 
a part icular  process are rare ly  lmom a i th  any preui8itXb 

( i i i )  Application of cyclio loading t o  a residudlw stressed body 
- 

i s  l ike ly  t o  cause progessive changes ("fading") in the 
residusl  stresses. 

The second and third factors, in particular,  a re  a oerious obrrtaale 
to any quantitative predictions in this field. The labour and e r p e n ~  
of the  technique f o r  measuring residuol stress, m s t  of them d e s t m c i v e ,  
l i e  behind t h i s  lack of knowledge, and a t  the mme time mah it irppassible 
t o  measure such stresses on prcduction components. There i s  no doubt 



tbst 8 rel iable,  rapid, n o n d e a t w t i v e  9oddu.l-at  reas-@tar' would 
m o l u t i d o e  t h i s  *ole f ie ld ,  Md a =.lor effor t  t o  produoe one 
(po5hapr u d q  It- d i i b o t i o n ,  see Bolstad et.al. 1963) would 
o . r k W y  bo worth while. 

Publlrhrd work diver same help in estlmatlng the lFkely magnitude 
d &ant of the  rea ldud  stresses near tho sua-faoe of a l e  oaaponen++ 
rd. hVlp OQ~~MUI meWs, and subjeot6d t o  oomaornlgcused aua=faoe t rea t -  
untr,  unl re?.cu~oe i s  u d e  t o  some of this work I n  Seotion B. Shot 
peenlag, for Insfanor, i r  generally agreed t o  inbuoe b i u i a l  oompression 
of r p i t u d e  half the y i d d  s t r e r s  o r  nore, in a layer of tho ordw .OOSn 
to .OX)" ( m y  me quarter the rbot dimeter). Rough guesses of this 
mrt M oftea ~ o d  .nc?rgb for qualitative pwrpoms, a d  80 far the 
mohurin O? tha peming bpro~ement i s  so l i t t l e  undarrtood that fcrr 
quantitative e a t h a t e s  are attempted. One of the rain gaps in thi.8 
8ort of -ledge oor.-,e,ns the  s t r e r w s  in3uod i n  fhe r io in i ty  of 8 
wtah,  e.8. h e n  r V-gmve i s  pewed with d o t  too large t o  Lnpaot the  
root of the  w t a h  dlruotly: again, the  component of residual afress in 
r d i n o t i o a  pecprdicular  t o  the surfaoe i s  not well understood, and 
fbir oodd be pertinent hen the f a t i y e  meahdam near a notah i s  beiry 
oon9Idrreb. 

It is muah more M f i o u l t  t o  f ind  oqsrimental baoldng f o r  predlo- 
t ion8 about tb. ohangna in r o d d u d  rtrossea under o y d i o a l  loading, 
oxoept f o r  a (pneral oonfirrnation thut nfdhga  om ooour. m e  dmplrst 
theoreti& appraaoh with any hope of quantitative resu l t s  i s  t o  app l j  a 

elding oritcrrion t o  the  t o t a l  redduel-stress-plus-load-Ltreas sy&m 
t.king triud-al stresses l a c 9  aooount), and ocilotllate the  lPardmMP 

n s i d u d  s t ress  valuer which can exist without ccrusina yleld a t  wme 
park of the  load oyolor kosenthal (1959) uses a mdntrm-shearstress 
o r i t e o n  5n ftiis way with some mooass. It i s  wneral ly aooapted, 
though, that a l t e rna t iq t  s tresses are thensolves a *relaxing1 Mluenoe  
on materials oontaiaing large nmbers of dislocations (e.g. work- 
hardened metals), and tha t  the r a s i d u d  strossus w i l l  fade t o  values 
wen lower than those predioted by the simpla applioation of s t a t i o  
y h l d  ariteri8. A oomprohensive and re l iable  method f o r  e s f l n n t i n ~ ,  
even approximately, the amount of fading that doas ooour ou&t c e r t a i n l y  
to be cne of tho major aims of future research i n  this f ie ld .  To 
oolleot t h c  fmegnents of evidence i n  this seoWon i s  unlikaly t o  help 
~ t t e r r ,  and nore d e M t 4  rruiorenoe w i l l  be made t o  than in Seution Bs 
h e n  moil om bo r d a t o d  t~ a q o o i f i o  fat igue oirolmstmoe. For the 
prorant. aa attempt mat b3 madc t o  fornulato a &ding ru le  rhioh i s  
n d t h e r  &.I -Ye a s  t o  be s~sulers ,  nor so m b i t i w a  that i C .  i s  not 
mppartd by experiment. Tao helpful points on whfoh there i s  " g 8 n d  
w e s n e n t n  a rea the  i n o m a s d  likelihood of fedin5 In soft  materials a s  
opposed t o  hard ones, and the  auoh roduolrd fading of atreas near a notoh, 
where t r iaddity of &re32 helps. FIMnoUnoed fading dm 8Bms more 
oommon when the initial residual s tresses aro hi& (say more than 75% 
of tho pia ld  stress) ,  and tho f a t i w e  l imi t  (or lo8 ntrongth) i s  high 
r e l a t i l e  t o  tho yleld atrongth. h e  wriotis point of disageemont 
oonosms whether the fading uoourr rapidly in the  first fen loading 
woles,  or pviuslly ovor an rtxteadod f a t i c a  llfs. A majarfty of 
reports  (e.& Rosenthd & SLqos, 1951 o r  n r e s s e r  1957) show pnrotidal 
ouaplotion of the fading oarly I n  the  l i f e ,  but Pattinson and Dydale 
(1962) surpi-isin found t h t  with a 1,s h-fi alloy Ut th  fcdir~g ==I! o06\prd bef aro 10 oyoles, fo l lowd qgrrie pronounoed pro(~e8sive 
fading a s  ryoling was oantinueri t o  10 , ~ o e n  for applied r tzwses  less 
than hd f tho f a t i c ~ e  U d . t  . ' U s  mobya, dart-mtely, that when 
uoh l a t e  fading i s  possible, nt~~rt-llfe *eating .+ I;j.&b applied 
r tw3s~r  b a y  overeatloate, rather  thrvl m5sro~tiPrata, the benefits of 
8 prrticu1.w Creatmont . Apart frrw Cr; s ? 1-4 ? j , w'doh dererws more 



experimental investigstion, tho gonard picture i s  tha t  high applied 
strosses cause more rapid fading, so that  short l ivos  benefit  less from 
surface treatment than long ones. 

2.5. A d i n n  principle f o r  tho offect of ros idud  s t ross  

Rule 2. Residsal s t resses  affect  fatigue l i f e  in the  saae ww, 
and t o  the ~ame extent, a s  the equivalent mean stresses. 
3quivalence"must take account of s trosses in more than 
a single direction, and allow fo r  the p o t e n t i d  fading 
of residual s tress.  

More specific points in applylng this are:- 

Birudal compression of magnitude a t  l e a s t  t o  of the  
y ie ld  s t ross  may be inducod and rotnined in medium-hard t o  
hard mthrisls ( say over 300 v.P.N.). 

Similar treatments r t i l l  induce residual compression 
approaching loo$ of the yield s t ress  i n  softor materials 
(say about 200 v.P.N.), but unless fevourable notch con- 
di t ions exist ,  early fatigue cycles w i l l  remove most of 
the residual s tross . 
High fatigue stresses, leading t o  fa i lu re  in 1000 oyoles o r  
sa, wil l  cause sovore fading in dmost any material, under 
any conditions: so w i l l  prolonged exposure t o  temperatures 
appreciably higher than nmbiont. 

The penetration (i.o..4epth of residuelly stressed layer) 
of a treatment will/6e one of the s i m f i c a n t  variables, 
since m c k  propa t ion i s  involved. This w i l l  not 
simply be a ques J" ion of deopor penetration giving mare 
improvomont, thdugh, bocause of tho conneation with non- 
propagating c cks etc. In  given circumstances there w i l l  H" normally be, minimum depth f o r  any improvement a t  all t o  
take place, and a maximtan beyond which no extra improvement 
ocours, but these w i l l  vary widely accaoding t o  material 
and shapo of the component, etc. 

3. The effeot  of mrk-hardening 

Nodern theories of nork-hardoning, based on the interact ion atreasea 
of massed dislooations, have tended t o  blur  a l i t t l e  the sharp engLneerin8 
dis t ina t ion between "puren work hardening on the  one hand, and macro- 
scopic rosidual s t ress  on the  other, since both a r i se  from loca l  imbalanoe 
between the atomio forces. Division in to  'miom-' and tmsoro-' residusl  
s t r ess  i s  profitable i n  some circuinstances, but an adequato idea of 'pure' 
work hardening in the present context cmes from imagining a cylinder of 
material maohined h m  the core of a bar which has been uniformly com- 
pressed beyond i t s  yield point. In  spite  of differences i n  crgstal  
orientation, etc., which cause local  variation in yielding, d th result ing 
loca l  s tresses,  thero w i l l  be no systematic residual s tresses in arch a 
cylinder, in contrast t o  t h o  si tuat ion i f ,  say, i t s  suriace alone had been 
rol led beyond yield. For engineering purposes, then, simple types of 
unif o m  plas t ic  distort ion cause work-hardening without residual stress, 
and it i s  the effoct of t h i s  sor t  of work-hardening ( a r t i f i c i a l  thou& the  
dist inct ion i s )  ths t  we need t o  consider. 



3.1 w a  harden in^ 9s. residual s t ross  

A r inple approach t o  the  problem i s  t o  assune that  the effect on 
f a t l y  of a certain mount of work-hardening plus a given residual -8% 
10 th* rame a s  the  sum of the  ef fec ts  of each applied separately. WWi- 
r~eDt8 t o  veriiy t h i s  a re  easy t o  devise, and work-hardoned specimens 
Without Maroscopio residual s t ress  can eas i ly  be obtained by suitsble 
O & t a ,  although there i s  some argument about whether residual s t r ess  i s  
*ad& pToduced without work-hardening (or  some other physical ahange). 
In rpik of t h i s ,  a f i e rce  controversy i s  said t o  have been carried on in 

during the  1 9 9 ' s  about the re la t ive  oontributions of these 
W i r r t e  effeots, and although there i s  now l i t t l e  arguaoont about the 
subject, oonolusiva evidence one way or  tho other i s  d i f f i cu l t  t o  find. 

Bere i s  no doubt tha t  work-hardening alone oan have a signifiomt 
d m  on fatigue strength, although the ms&tude and sign vary between 
mBt.rlls. Some examples mportod a re  o substantial improvement f o r  
lPild &*el and titanium, l i t t l e ,  if any thane f o r  oopper and a Ni-Cr 
dig r tee l ,  and a possible decrease f o r  a high s t r e ~ g t h  alrnsWum m o y  
(KaUhpM and D'Appolonia, 1955; Prost, 1958 and 1960; Teed 4952). 
Evan i f  these ef fec ts  could be simply added t o  tha t  of rosidual stress, 
that, the si tuat ion would vary from one matorial t o  another, and them i r  
evidenae tha t  the ac tual  combined effoct  i s  not simply additive, but 
depends on the type of a p p l i d  s t r ess  system, among other things. Thm 
i s  m e t i m e s  quoted a s  conduding that  f o r  bonding fatigue 8C$ of any 
improvment comes f r o m  residual s t ress ,  and 20$ f r o m  work-hardening, but 
that in torsion the  proportions are  revorsod. 

One possibi l i ty i s  the t  tho confusion &sea from noglect of 
directional effects ,  and the bending/torsion discrepancy supports this. 
Reverting t o  t h e  fatigue crack machanisn, any profersed orientation of 
the crystal  plmos, o r  change in the offectivo grain s i t e ,  such a s  cold- 
working produces, could have a strong offeot on the in i t i a t ion  of a m o k ,  
since arystal  s l i p  i s  tho dominant factor. Stage (b), with i ts  emphasis 
on ahoaring planes, could a lso  bo strongly d fec ted .  If, in addition, 
the  potential  length of tho shewing crack wore a deciding faotor i n  
f a t i y e  strength, work-hardening could make a decisive contribution. 
There i s  l i t t l e  solid evidence fo r  this sor t  of argument, but any future 
attempts t o  separate work-hdening and residual s t ross  ef fec ts  should be 
0arefulI.y dosimed t o  cumitor variation of strength in different  directions, 
with a part icular  watch on anisotropy of the originnl, untreated material 
(if wrought aluminium alloys are  us&, f o r  instanoo). 

A t  present the  only airomstances whero the work-hnrdening contri- 
bution of a oomparatively shallow surface treatment i s  l ike ly  t o  be 
important i s  &en plain specimens of a soft metal ( s w ,  mild s tee l )  sre 
being treated. Because of fading, residual s tresses a re  unlikely t o  
help much, and a major part of the  small 5 - 4 a  improvematt mqy 
be due t o  mrk-hardening, but these are  in any casa aircumstances unlikely 
t o  in te res t  a dos iper .  Tho emphasis hem must be on the  noompfuntively 
shallown aspect of the  surface treatments l i k e  shot peening. men  p o s s  
deformation of the whole oross-soction doours, a s  in a cold-drawing 
operation, work-hardening must be more inportant than residual s tress,  
and H a r r i s  (1961 ) quotes a caso where the  fat igue limit of an 18/8 N i - C r  
a tee l  was mom than doubled by cold work. 

3.2. ~ r i n c i ~ l e  for the  effoct  of work-hardening 

Rule 2. In  nost practical applications of surfaoe treatment, 
work-hardening i s  liicsly t o  be l e s s  inpol'tant than 
residual s tress.  Its effoct  w i l l  be beneficial on 



soft materials a i t h  high hsrdening coefficients, but may 
be s l ight ly  detrimental on l e s s  ducti le  metals. Aniso- 
tropy due t o  cold work should be considered a potential  
contributor t o  anomalous t e s t  results.  

Until the ef fec ts  of residual sbress are  more exactly prediotable, 
e f for ts  t o  i so la te  the work-hardening contr ih t ion a re  not l ike ly  t o  
d i rec t ly  affect the  pract ical  uses of shot-peening, although they may 
help with fundamental fatigue knowledge. 

4. The effect  of surface ~ r o f i l e  

The detrimental e~ffect  on fat igue strength of rou@enin& surface 
i s  well known, and quali tat ive statements i n  general terms are eas i ly  
made, the  shortest m t u b  being T h e  smoother the bettern. m e  
extensive l i t e r a t u r e  on the subject does not include a general quenti- 
t a t ive  rule,  although part icular  circumstances have sometimes been 
covered by fomulae, usually re la t ing  fatigue l i m i t  t o  surface roughness 
(c.L.A. i n  micro-inches, say) and M e s s ,  for a partioular metal o r  
group. I n  practice roughness rare ly  vsries alone, and different  m e 8  
of turned f inish,  f o r  instance, d i f f e r  in the amounts of cold-rark urd 
resiaual  s t ress  they introduce in th in  layers near the surface, as well 
a s  producing different  profiles. This problem of separating the  
effects, linked with the problem of whether it is even desirable t o  
separate the effects ,  i s  more acute when shot-peening and such p a e s s e s  
ake being considered, s h o e  strong residual compression may overcoome the  
effects  of surface roughness. 

4.1 Surfsce roudmess groducdi&-ous treatments 

This i s  one region where a c lear  qualitative dist inct ion can be 
made betrecn two of the  main treatments, represent& by shot-peoning 
and vapow blasting. I n  general, a shot peened surface i s  much rougher 
than the original,  untreated surface, so tha t  as-peened components 
invariably re ly  on residual s t r ess  and work-hardening f o r  any improvement. 
If environment and applied loading remove these by relaxation, there i s  a 
very r e a l  danger tha t  the peening roughness dl1 cause a markod reduction 
i n  fatigue strength. On the other hand, if the surface before treatment 
has sharp scratches and gouges,' these may be local ly  r o d e d  by oapour 
blasting, giving an improvement which does not depend on maintaining 
residual stress. This smoothing effect  i s  re la t ive ly  straightfmmm3, 
but the  roughening from shot peening needs a l i t t l e  more discussion. 

4.2. The nature of tho *,~s-poened~ surfaco 

Impacting a surface with shot of an appreciable slse (0.g. .02ON - 
.030") produces at bost a smoothly dimpled surface, but usually the  
prof i le  contains a t  l eas t  a proportion of sharper p i t s .  There i s  
evidenoe that in inany cases shallow cracks w e  foxmed, perhaps p e n e t r a t i q  
.003" or  so. When residual compression i s  maintained i n  the  surface 
layer these do not have a disastrous effect  on fatigue strength, although 
Coombs et. cil. (1956) f o w l  tha t  polishing off the surface lsyar a f t e r  
peening gave a further  improvement on plain specimons of a spring steel. 
Hard eadence on the  subject i s  not plentiful,  but it i s  quite established 
that  where the rough, as-pooned swfaoe cannot be aocepted, a aweAiL 
finish-machining operation a f t e r  peening does not reduce the findl 
strength, and may well improve it. The depth removed i s  l ike ly  t o  be 
c r i t i ca l ,  since l e s s  than .063" may not clean the surface, and more 
than .005n may renove a substantial part of the stressed layer. Mainly 
fo r  this reason, development tes t ing  rould certainly be needed before 
adopting peeninkplus-machining in a given cirownstance. For general 
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purposes, it i s  a s  well  t o  regard an as-peene? surfaoe a s  one already 
oontrining minute oraoks, which do not propagate because of the residual 
oampresiion. 

4.3- A d d i n n  ~ r i n o i ~ l o  f o r  the  effect  of jus iace  r o u h e s s  

Rule 4. Changes in surface prof i le  w i l l  depend mainly on s i s e  and 
sharpness of the impacting part icles.  Fine-prt icle 
proaesses such as vapour blast ing w i l l  i n  general giva a 
dim impcovlrmeat on t h i s  count, but the surface l e f t  by 
shot-peening should be regarded a s  potential ly craoked. 
Smoothing a f t e r  peening i s  allawable, and careful i n a m  
in these oirorrmstanoes can add t o  f a t i y e  strength. 

Th. effeot of peening before applybg an anti-oorrodon coating, 
mab 8s eleotrodeposited metal, i s  a partioularly interest in6 case (see 
Seotion B). Peening changes the stresses a t  the junction between 
p-t metal and coating, from tension t o  oompression. Cracks from the  
o a t i n 8  are thus prevented iron propaeating in to  t h e  core, and fa t igre  

is substantially improved. 

The general oonclusion, then, i s  tha t  althau& other faotors are 
present, the  most important single effect  of a mechanical surfaoe treat-  
ment i s  t o  induce r e d d u d  compression i n  a shallow layer. This 
improves fatigue strength by slowing down, or  completely halting, the  
propawtion of fatigue aracks, rather than by affecting the  in i t i a t ion  
of the  cracks. When treatments produce no improvement it may be because 
the fatigue strength of the untreated component i s  limited by the aon- 
d i t ion  f o r  amok in i t i a t ion  (perfeatly smooth specimens, far example) o r  
beaause the oompressive stresses have faded under the aation of a y d i o  
applied stresses. 

One consequence of the basic premise i s  that the depth of the  
affected layer i s  a significant factor, and since t h i s  depends largely 
on the  sixe of the par t ic les  used t o  impact the  surfaoe, prooesses my 
be broadly classif ied a s  either:- 

(a) '2arge-partiole" praoesses, such a s  shot-peening, with shot 
s i r e s  of .020" u p d s ,  giving an affected sone about &O" 
t o  deep. 

o r  (b) "Small-parfiole" prooesses, such a s  oapour blasting, where 
typioal penetrations are of the order .001 " o r  &02". 

The contribution made by changes in surface geometry depends on 
whether a large-part icle,  o r  a small-partiole process i s  involved. 
The detr immtal  effect  of the rou& surfsce l e f t  by the  former i s  
generally nul l i f ied  by the  f a i r l y  doep layor of residual compx%ssion, 
Md surfaoe geometry i s  not a dominant factor. QI the other hand, 
d l - p a r t i c l e  processes generally round off any sharp gouges o r  deep 
scratahes i n  the surface, and the benefit this glves probably aocounts 
f o r  a significant part of the fatigue improvement. 

h e  quick way of eliminating some si tuat ions where surface 
treatment i s  unlikely t o  help i s  basod on the "fatigue-ratio" (fatigue 
limit divided by u.T.s.). Harris (1961) has suggested that  0 4 5  t o  
0.5 i s  an "ideal" value of this r a t i o  f o r  a l l  stools, usually 
aohiovod only by avaiding inclusions, decarburisation, surface 
roughness etc., and tha t  whew values of 0.45 or so are already 



being achieved, further  surface treatment i s  unlikely t o  give any 
improvement. This does not conflict with any of the  ideas &no, 
rince the  fetigue l imi t  i n  these circumstances i s  decidod by &ether 
o r  not a crack can be in i t i a t ed ,  a process which i s  not affeoted by 
residual compression. The best way of using t h i s  suggestion i s  
probably t o  regard a fat igue r a t i o  of 0.45 o r  so a s  the  mrudmum attain- 
able nCth any s tee l ,  e i ther  by the use of an optbum surface treatment, 
or by eliminating all s t ress  raisers ,  and adopt whichever of these two 
processes i s  most expedient. A process l i k e  shot peening w i l l  generally 
be cheaper than one aiming a t  a highly polished surface, although the  
rough poened surface may be mecceptable f o r  other reasons. 

The empirical ru les  f o r  shot-peenine quoted in the  introduction 
(Fuchs, 1963) do not conflict with t h e  approach n a  being suggested. 
Taking some of the specifio points, fo r  instenco, the  emphasis on 
"parts with section changes o r  other s t r ess  raisersn has dual origins: 
f i r s t l y ,  the  propagation phase i s  more important when s t reas  ra i se r s  
aro prosent, and secondly tho notch configuration w i l l  help t o  prevent 
fading of the  rosidual stresses. "Skins prone t o  fatigue damagen are, 
in effeot ,  skins in which cracks form easi ly under oyclio stress,  and 
large improvements naturally oono froa a treatment which prevents fhese 
from propagating. Hard s t ee l s  have a low fatigue r a t i o  end high notoh 
sens i t iv i ty  becauso of tho ease with which cracks propagate ansy from 
minute $tress r a i se r s  i n  such stoels ,  and the increased offeutiveness of 
pooning a s  M e s s  increases i s  to be expected. Finally, the oomplete 
lack of improvement a t  very short l ives  i s  linked w i t h  the rapid fading 
of residual s tresses which ooours when high level  cyolio stressas a r e  
imposed. 

5.1 . Re-statement of g u i d i n ~  rules  

Rule I. -- 
Collecting together the four ru les  given jmviously, we have:- 

A fatigue crack foms  in three stages, (a) In i t ia t ion ,  
(b) Shear propagation, (0) Tensile propagation. In  
normal circumstances, a compressive mean s t ress  w i l l  
have no effect on crack ini t iat ion,  and o d y  8 s m a l l  
effect  on shoar propagation, but w i l l  signifioantly 
increase the m g e  of applied stross needed t o  sustain 
tens i le  propagation. 

Rule 2. 

Rule 3. 

Rule 4. 

Residual s tresses affect  fatigue l i f e  i n  the  same way, 
and t o  the  same extent, a s  the  e q u i d e n t  mean stresses. 
"Equivalencen must tako aooount of strosses in more than 
a single direction, and allou for the  potential  feding 
of residual stress. 

I n  most applications of surface treatment, work-hardening 
i s  li!coly t o  be l e s s  important than residual stress. Its 
effect  nil1 be beneficial on soft materials with high 
hardening coeffioients, but may be s l ight ly  detrimental 
on l e s s  ducti le  metals. Anisotropy due t o  oold work 
should be considered a potential contributor t o  
anomalous t e s t  results.  

Changes in surface profi le  w i l l  d e p d  mainly on sise and 
sharpness of the impnoting particles. Pino-partiole pro- 
cesses such as vapour-blasting w i l l  in general give a 
fatigue strength improvement on t h i s  oount, but the surface 
loft by shot-peening should be rogarded a s  potentially 
cracked. Smoothing after eening i s  allowable, and oarefiil 

strength. 
e machining i n  these cirolrns ances can ndd t o  fat igue 
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I. geat deal of useful information about surface trestments has been 
0bkLI.d la the  most hot manner, by fat igue tes t ing  specimens o r  om- 
p@nlatrr prevLously subjected t o  the  treatment, and oompnring the  r e s u l t s  
ritb tbow fiam similar t e s t s  on untreated components. The overall 
oiro\o8tanaas of m y  part icular  t e s t  p r o g r w e  sfe made up from a v e ~ g  
h r g a  ~ o l b e r  of separate faotors, and inevitably some of those faotors 
bm bar  awxe thorou@y investigated than other*. For instanoe the  
M1uanoe of ahot-peening on amall rotating-br ding spooinenS of medium- 
hrd s t e e l s  has been investigated amny times, nnd an exhaustive search 
mu& old t e s t  reoords would probably f ield a mass of infomation on 
tNrr topio alone. It i s  unlikely that the exercise would be rewarding, 
thou&, s h o e  the general pattern of behsviour in these oircumstsnces is  
by nor pret ty  g e n e  agreod. On tho other hand, the  effect  of surface 
treatment on aomponants fatigue-loadod in diroot tension, w i t h  various 
nuan loads, has not boon so thoroughly exa~ined,  in spi te  of i t s  obvious 
bportanoa in both the  practioal and fundamental f ie lds .  

Tho ni los  put forward in Sootion A hove boen derived so f a r  by 
blending hndamsntal fotiguo howledgo with general s d a o e  treatment 
"know-howu, mi must obviously be tost& agsinst exist ing direct  evidence. 
Bsoause the rotating-bonding oase has been so widely studied, it w i l l  
haw a prominent place i n  my such comparison, but t o  avoid giving an 
unbdlanoed pioturo the i n f ~ m a t i o n  has t o  be carefully seleoted, rather  
th.n comprehensive. In maklng a seleotion, some pattern b s  t o  be 
ndopted, and the aia below has been t o  sot  out a ser ies  of oase histories, 
&son t o  t e s t  the val id i ty  of tho miles in as wid0 a variety of oiroun- 
atanoes as possible. 

Because residual s tmssos  are so inportent, ideal  t e s t  rosults  
include residual s t r ess  aossurments a s  well s a  fat igue tosts.  A l o t  
of good eridenoe would have t o  be rejected, though, if  t h i s  ware an 
essential  oondition, and an attospt  must be made t o  est inate the l i k e l y  
residual stresses fop soma of tho reportod coalitions vhere no actual. 
moaruwments were made. In any caso, a re l iable  method f o r  estimating 
these stressor, even approximately, would be of direot help in the 
applioation of rurfaoe t r~!hnents ,  and it w i l l  be useful t o  exmine the 
LrPormation or t h i s  topio before s tar t ing  t o  look a t  fat igue t e s t  
results .  

2, B a d u a l  s t resses  induced bs shotlpeoning 

2.1. The neneral s t r ess   att torn 

Both shot peening .md vapour blast ing induce rasidual corn- 
pression in  a surface layer, but tho dopth of t h i s  layer i s  
d ~ p l i f l o a n t l y  greater f o r  shot poening, and in faot  one of the 
points t o  be made latm i s  that the depth of penetration is  largely 
oontrollad by tho part iole sire.  Tho f ine-part iole processes, then, 
can be rogRPdd in the present oontext a s  special oases of shot- 
peening, and d a c e  most of the available neasuremonts are  on shot- 
peoned swfaoes, it i s  expdiont t o  re fe r  throughout t o  the effeots 
of mpoeningn, or  /shot-poeningn . 

Hothods of measuring rosidudl s tresses may be olassif ied a s  
e i the r  disseotion-type o r  X-ray t p e .  I n  tha former, the speoimen 
has portions removed in a controlled sequence, and the  result ing 
dimonsion ohmges are  noaswed: X-rzy methods re ly  on the dis- 
torsion of diffract ion patterns, &I& gonorally give only the  stresses 



a t  the h o d i c i t e  surface. Both methods have boen used in peening 
invostigetions, but dissection techniques have suppliod the bulk of 
the infornation, and it w i l l  bo assumad i n  the discussion below that 
this was the  mothod used unloss X-ray diffract ion i s  speoifical ly 
mentioned. 

A casual examination of some of the published residual stress 
measurenents brings out one imnediato diff iculty.  A residual 
s t ress  system i n  a solid body i s  obviously t r i ax ia l ,  and .PM 5.f 
the discussion i s  limited t o  the immediate surface region, two prlnci- 
pal  s tresses are  involved. In  spi te  of th is ,  xnany workers quote only 
one measured stress, usually along a principal g e a n e t r i d  axis i n  
tho surface. This may be enough when the resu l t s  are t o  be applied 
t o  fatigue specimens with sinplo shapes, loaded in a simple manner, 
but the limitations of t h e  infomation must be kept in mind when a-w 
more complex situation i s  being examined. 

One of the simplest cases i s  that  of a flst g a t e ,  peened on one 
side. This i s  a convenient specimen shape f o r  dissection techniques, 
and the resu l t s  can bo a p p l i d  f a i r l y  d i rec t ly  t o  the shot-peening of 
laminated automotive springs, a rogular comnercial application. 
Enough in fons t ion  has beon publishad on t h i s  type of.speciaen f o r  
some broad conclusions t o  be &awn about the effect  of different  
peming conditions. Most specimens heve been rec tany la r ,  both 
longth and broadth being nu& greater than the thickness, and the  
discussion w i l l  generally be concentrated on the l o n ~ i t d i n a l  p~dnoi- 
pal  s t r ess  in a specinen clamped during the peoning. Whon such a 
specben i s  released a f t e r  peening, it springs into a curve, convex 
towads the  poaned side, and the s t r ess  distr ibution obviously 
changes. The important distribution, thou&, i s  that  in the  
clanved s t r a i b t  specimen, immediately a f t e r  peening but before 
release, and this i s  the distr ibution considered below. Very 
nassive components, or symmetrical components peeqed on both sides, 
do not need this distinction. 

The f c m  of ths  longitudinal residual s t r ess  pattern i s  shown 
in Fig.1, Us, uyax and uT being the surface, maJdmw and tens i l e  

s tresses respectively. -The penetration, A ,  i s  a r b i t r a r i b  taken a s  
the depth t o  the layer of zero residual s tress,  and a dimension Am 
i s  introduced, being the depth t o  the layer i n  which matimum residual 
compression occurs. This does not imply that  the peak aompression 
i s  never a t  tho immediate surfece, but does allm infomation about 
i t s  position t o  be treated a s  one of the variables. 

The genernl shape of t h i s  s t ross  distr ibution Is supported by 
reports such a s  Mattson (1956) and Lessells ard Boderick (1956)~ 
both based on f l a t  s tee l  specimens about thick. Richands, , (f~5) 
f o d  the ssne general fonn in  f l a t  l i g h t  a l loy  s t r ips ,  and Fop$ 
(1951 ) differed only in  dota i l s  when he examined shot-peened s t ee l  
cylinders. The pattern, then, i s  simple and similar over a range 
of conditions, and variation occurs only i n  the  magnitudes ofUs, 
A etc. 

Tho factors affecting U A eta. fall  in to  two p u p s :  f i r s t l y  
there arc  the proporties of %e peered mate r id ,  inclu&g the  fonn 
of the peened object: secondly the conditions of the applied process 
must be considered, covering such i t m s  a s  size of shot, blast ing 
pressure or  speed, and intensi ty of exposure. The upper limits of 
* u B X ~  and t o  a oertain extent A , w i l l  be decidad by the pro- 

pehi!s of the peened matorLal. These a re  sometines referred t o  , 
.I 



induced- s t r e s s  system. 

Sinoo plaa t io  deformation i s  the  bas is  of peening, gield 
strength and worlc-hardming oapability are  of obrlous importanoe, 
and M o n t a t i o n  harilness might be expeotod t o  oorrelate with 
response t o  peening. Experiments support these expotat ions 
f a i r l y  well, &thou& oorrelation with yield stress i s  not peoise :  
y ie ld  toa ts  a t  high r a t e s  of s t r a in  might throw some Ught on this, 
but only s t a t i o  yield i s  u ~ u a l l p  quoted. 

T u g  the  main oharaotoristios of the stress distribution 
in turn, thon, we have:- 

(i) Magnitude of u m x b u  oompression, bu,- 

8 r h t u r a t 1 0 n w  values, implying oorrectly +\at once they are 
Mhimd,  oontinuing tho peening brings no furthar  benefit. It i s  
not neoossarily true, though, that  oontieuing pecning has no effeot 
at ill, dnoe  a o t d  rbrasin and damago t o  the rurfaoe oan oontinue 
after the  aaturbtion level  has been reached. One of the reasons 
for  rfudylall the effec ts  of the  mooad g ~ u p  of factors, lee. the 
"pmoess" +ariabler, i s  t o  enable material saturation to be reached 
a8 Obs* and eOonodocrUy a s  possible, with a minimum of dsmagb t o  
tho aotual W a o e ,  but it would r l ao  be useful t o  have soar0 idea 
Of tb stmsam W u o d  by l e s s  severe pee- prooeases, which do 
not r u o h  the aatucafion level.  Any real situation nil1 be oon- 
o m &  w i t h  tho ef fec ts  of both material and prooess variables, but 
it I8 oonrenient t o  deal w i t h  them in asparate sections, be-13 in 
dad that the  former allow p t imate r  t o  be made of the 8 t m S S  ~ & m  
whiob om re::onably be aahieved, and the l a t t e r  help t o  choose 
oiroumstanoer which aohieve it. 

2.2. m e  effeot  of the  ropert ties of the ~ e e n e d  m.stex%ls on the  

Investigations l i k e  those of Mattson (1956) and Lessells  
and Brodriok (1956) have gonorall aimed a t  establishing a 
r a t i o  q,,-_ t o  e,, (yield s t r e s j :  both used mt platos of 
medium t o  h-@ st& steels ,  and found ra t ios  i n  the 0.5 t o  
0.6 region. & ) s e n d  supporf t o  this 
i ma n e  r e p a s  or  Foppi ti 9% ) irp.1 (1959) &OW 
that oy l inMoal  apooimons give similar results ,  but there i s  
a tondency i n  much of the literature t o  imply that  lower 
strength s t ea l s  may r o l l  havo h i a o r  d u e s  of this ratio. 
Without quoting t e s t  results, f iohs (1963) my8 that for  
s t ee l s  with ultimato tens i lo  strengths between 4000,000 and 
m , 0 0 0  lb./sq.in., t h o  residuel oompwssion i s  &ren by 

Tho roason f o r  the oorrolation with U.T.S., mthor than yield 
s t ress ,  i s  not obvious, but the ru le  i s  certainly auooesdul 
&a oheakod against tho reports quoted abwe. Softer 
matorials such as aluminium alloys, so- oepablo of develop- 
ing residual oompressfon a t  l a s t  up t o  the s ta t io  *old 
strength. Richards (1945) poaned flat s-ps of X 7 6 S 4 ,  $" 
thiok, and found oamprossion c2 t o  66,W lb./sq.in. (0.f'. 
o.& oof of 60,000 lb./sq.ir,.) a n d W a i n n m  snd Phi l l ips  
( 1 9 s Y r O p f i  b m n o n  5 0 , O  m d  @,a ~!h/aq.in. 0 0 ~ 8 s s f O n  
in 0.109" W o k  s t r i p s  of 75"-T6. 




