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Susmary

Section A reviews e:dati.ng knowledge about mechanical surface treatments
and fatigue. Data show that processes such as shot peening induce residual
compression, work harden the surface layer and alter the surface geometry.

'l?at:l.gue effacts arise mainly from the roaidhal oomprusi.vo stress which

improves fatigue strength in many cases by inhibiting the tensile propagation -

-of fatigue oracks; it has little effect on orack initiation or prOpagation
in ashearing mode. Guiding rules are given.

In Section B case histories glving experimental evidence for a vu'ioty
of circumstances ars reviewed.

It is ooncluded that in testing, speoimon or compomnt shapes 1s all
important.

(An a.ppendi.x to Part 1, Section B, on c;u-ﬂistorien is available as
S & T Memo 2/66).
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"The influence of Shot-prening and
similar surface treatments on the

fatigue properties of metala®.

General Introduction

The fatigue strength of metal components can often be increased by the :
prover use of shot peening or a similar mechanical surface treatment, and these ?
processes are regularly used in some sections of the mechanical engineering and
aircraft industries. Their widespread adoption ewes a great deal to the work
of Almen and his associates, who used them on a production scale in America
from the early 1940's, but the exporimental basis goes back at least to the
. early 1930's, when Thum and Foppl showed quite clearly that controlled cold
working could improve fatigue porformence. In spite of this, a modern
engineer deciding wh«ther or not to specify shot-peening for a partiocular
component is ofton not able to say with confidence that the treatment will
improve matters, unless expensive tests have already been carried out on proto~
types. Without consideradle direct experience in the use of the particular
process, he will have difficulty in drafting a specification likely to approach
the optimum, and even an experienced user finds it difficult to guess the
magnitude of any improvement. Finally, if the process is precisely specified,
control at production level may be difficult, and reasonably rigorous inspection
mothods are not generslly established. All these factors detract from the use-
fulness of the mechanical surface treatments, and hinder their general application
to components which might well be substantially improved. :

_ The difficulties fall broadly into two groups, aid with this in mind the
roview has been divided into two main parts. In the first place, the wholo
question of why shot-peening improves fatigue strength at all has only been
explained in a very rudimentary way. It is usually censidered enough to point
out that it induces residual oompression in the swrface, and that compressive
mean stresses raiso the allowable range of oyclio stress. This only pushes
the problem one stage furtior away, and does very little to rationalise some of
the known facts about peening, including the very important onc that peening
does not always improve fatigue strength. There is need, then, for a "general
theory of shot-peening®, or, being more roalistic, a working hypothosis based as
much as possible on modern fundamental fatigue knowledge, but relying on experi-
mental, empirical rules to £ill tho gaps. This will be attempted in Pert I,
below, Saection A being a gencrzl oxposition, and Section B an oxamination of some °
test results with the working hypothesis in mind. )

The second typc of difficulty could be called purely practical, and is
typically encountered whon & surface treatment roaches the production line.
Quostions such as "What exposure limits are allowable ?", "How can we check
exposure ?", "What happens at tho edge of a peened region ?", and "™oes a
scratch through the peened surface ruin its effect ?" are all asked regularly,
and often not answered satisfaoctorily. The answars to many of these problems
bave not yet boen established, but the aim or Part II will be to report existing
" experience, andl comment, sgain with the working hypothesis in mind.

Genaral characteristics of shot-peening, ete.

The term "mechanical surface treatments" will be used delow to mean those
treatments which deliberately cold work the surface of a component, with the ain
“of improving its fatigue strength. This includes shot-peening, vapour-blasting,
vacu-blasting, grit-blasting etc., and much of the discussion will apply equally
wall %o cold-rolling and barrel~-tumbling, although no attempt has been made %o
cover these comprehensively. The dominant "blasting® process, from a fatigue
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viewpoint, is shot-peening, whare the particles are comparatively large, and
the affected surface layer comparatively deep : "small-particle™ processes,
such as vapour-blasting, are important in volume of production, but do not
rely so heavily on inducing a signifiocant dapth of cold working, and do not
generally have such a pronounced fatigue effect as shot-peening.

In the shot peening operation, the treated surface is impacted by a
strean of shot, which causes plastio doformation in a shallow skin. The
imnediate effects are that:-

A« A state of residual stress is set up, the thin surface skin having
fairly high compressive stresses, balanced by smaller tensile
atresses in the oore.

B. Plastic flow in the surface material ocauses the usual changes of
mechanical properties, such as work-hardening.

C. Changes ocour in surface geometry, often a roughening of the
immediate swrface, scmotimes accompanied by the formation of fine,
shallow cracks.

Any sttempt to explain the mechanism by whioh shot-peening improves
fatigue strength must take account of all these factors, and of theilr inter-
actions on each other. Some of the earliaest experimental work in this

- £1eld was aimod at separating the effects of residual ooupression from those .

02 work hadaning, so that tho approach is by no means new, but the same
division bas been used in the present aocount, since it still seems the

most promising line of attack.
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Part I. Basio Principles of Mechenical Surface Treatment

Introduction

To an engineering designer, the most elementary problam in this sphero is
to decide whether or not a certain component is even likely to be improved by
mechanical surface treatment. Experience has led to & number of empirical
rules which at lecast holp to spot the "unfavourable" situation. Puchs (1963)
has summarized the ones for shot posning very well:-~

"(a} Parts with section changes or other stress reisers can
benofit more by shot peening than parts that are smooth.

(b) Parts with skins that aro prone to fatigue damage
(decarburization, corrosion attack, chromium platu)
con gain far more than parts without such skins.

(c) Potential goins in fatigue 1ifa increase with the
hardness of the steel, regrrdless of alloy content.
At equal hardness levels, various stocl alloys gein
about equally.

(4) TIf feilures occur at less than 1000 cycles, shot peoning *
is not likely to help. If they ocour at more than
100,000 cycles, shot peening is likely to :\.ncrease the
life by a large factor.

(e) Large and small perts can ga:l.n equally by peening.
(£) Patigue failures almost always stert at the surface.”

Rules of this type aust be the outcome of the rational, fundamental
mechanism by whioch shot poening improves fatigue life: the lmplication is that
a full understanding of this mechanism would simplify the rules, and widen their
scope. Any complete explanation must be based on a complete undorstanding of
the fatigue mechanism, and this does not yot exist, although major advances have
been made in the last fifteen years or so. In Section A, below, an attempt is
made to examine the implications of those advances, and develop a simplified
mechanistio approach to the surface treatments, and in Section B the approach
is applied to some of the published work in the field.

It is convenient to break down the immediate effacts of naohanioal surface
troatments in the same way as was suggested in the general introduction, and
Section A will consider in turn the effects on fatigue of:i-

(1) Residual stress

(11) Work hardening

(111) Surface profile changes.
Section A: The Mechanisn of Fatiguo Strongth _I_m._\rovement'

4+ The basio fatigue procoss

441+ Crack initiation and crack propagation

The mechaniam which sterts a erack is not necessarily the same as
that which makes it grow., Failure to recognise this led many early

1.
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fatigue theories into difficultics, and in the same way somo of the
suggestions made about swrface treatments are of doubtful use, It is
now apparent that many specimens and components contaein cracks for a
vory high proportion of their lives, and all suggostions must take
acocount of this.

12+, Mochaniam of orack initistion

The scarch for tho basic mechaniasm which starts a fatigue craock
is deing continued mainly by cleotron microscopy, in association with
the mathematiocal theory of orystal defects, Refercnces ars numerous,
but Thonpson and Wadsworth (1958) sumparized tho situation up to a few
years ago, and both Konnedy (1962) and Maclean (1962) use the results
extensively in goneral textbook form. There is no doubt that a "oraock”
(or some form of sub-microscopic "hole") is formed by the movement
within a orystal of dislocations (i.e. & line of mis-fitting atoms) and
point defects (1.e. a vacanoy in tho orystal lattice, or an extra atom).

‘A preoise desoription of the mechanism would seom to be more interesting

to a physicist than to a design englneer, but one of tho basic differencos
between some of the oompeting theories has a very practical engineering

significance. Put very simply, the mechaniams are of two fornms:~

(a) Processes relying entirely on dislocation movement, =
for exanple Wood (1956). .

(b)  Processes in which the formation and diffusion of
vacancies plays an important part, for example -
Mott (1955). ‘ ‘

Tho engincering significance is that if process (a) is the dominant one,
only the range of shoor stress will affect the initiation of a crack, '
the nmean or peak valuas being unimportant: on the other hand, the
diffusion processes in (b) will be effected by mean stress. Therofore

2 simple answer to tha question "Doos diffusion of vacancies play &
part in initiating a crack” is also an answer to the question "Does mean
-strass affoct tho initiation of a crack”. . L

Tho real situation, of course, cannot bo resolved in such simple
terms, and there is little doudbt that diffusion of vacancies is important
in some circumstanées, (for instance creep-fatigue) but not in others .
(e.g. low-stress fotigue at very low temperatures). Bven the simple ‘
plcture of dislocations gliding on fixed orystal planes undar fluctuat-

ing shear stress is not complete, since the "elinb" of dislocations from

one plane to another is a procoss affocted by time, temperature and
sustained stress.. TWithout gotting invalved in this complex subjoct we
can, for our present purpose, note the following trends:- '

(1) A fairly goneral aoceptance of dislocation glide as the
erack initiator, with slip on more than one plene .
as cn almost essentlal condition, e.g. Mott (1958). -

(11) Recognition of diffusion s an important secondary process,
© negligidble at low temporatures, low stresses and high
cycling frequencies, but more prominent et high temporatures,
high stresses and low froquencies.

(111) A swing away from phenonenological explanations based on
progressive work-hardening, such as Orowan's (1939).

2¢
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1¢3+ Craock propegation

Bxperimental work on crack propagation has not been as intensive as
the work on crack initiation, and has bean carried out in the main by
enginecrs, rather than by physicists. One result is that tho central
theories on the topic are phenomenological, like Head's (1953), and
explanations at the atomio level are not nearly as well developed.
Head's approach, based on Orowan's conoept of plastic elemonts progres—
sively work-hardening, links successfully with observed rates of crack
growth, but in the present ocontext, we are locking for the mechanisu by
which shot peening improves fatigue life, and it is reasonable to expect
most help from speculations about the mechanies of crack growth, rather
than from models displaying the same mathematical charaoteristics.

: A basic diffioculty is to decide when a crack stops 'initiating' and
starts 'propagating', and it must be admitted that a crack has not yet:
been defined in a way which allows this distinotion to be made with pre-
~olsion. Many writers find that the fatigue process has to be divided
into more than two phases: for instance Lipsett et, al. (1959) observed
five stages in aluminium sheet, although their loading conditions and
material anisotropy seem to acoount for some of the changes. One of the

- most helpful observations is thet of Stubbington and Forsyth (1961),
writing particularly of corrosion fatigue in u-Zn-Mg a.lloys- they
dis*inguished three pha.ses, i.e. S ’

(a) Crack initiation.

(b) Stage I propagatim (in the shoar‘ mode, 1.0 at some
app-eciable engle to the ma:d.mm tensile stress.)

(c) Stage I proPagation (in the tensile mode, 1.0, in a
plane normel to the maximum tensile stresa.)

They found varying proportions of shear-mode and tensile—mode
 cracks according to stress level (rotating «- cantilever) ur® other |
variables, including cases when shear-mode cracks wera "not apparent”.
The general idea, though, ¢f a transition phase of shearing-type propaga-

'tion, sandwiched between a shear-dominatod initiation phase and a tension-

dominated main propagation phase, seems logical. In anothex paper, -
Porsyth (1961) extends the idea, suggesting that the change to Stage II
growth occurs when a crack meets a slip obstacle such as a grain boundary,
that the criterion for growth in this stage is the maximum principal :
tensile stress, and that striations or beach markings on the fatigued

surface may occur during this phase.

Porsyth and Ryder (1961) suggest that those striations are formed
by internel voids opening ehoad of the crack tip, and Holden (1961)
reports X-ray diffraction studies which support this, but the exact
mochanism is atill doubtful. : :

Even without this knowledge the ideas are still useful, and we can
add two further comments:-

(1) Moasurements by Rolfe and Munsa (1963) show that the range of
maximum principal strain near the tip of & crack builds up to
a steady value as the crack starts to propagate: this possibly
provides the change in circumstances needed for the switch from
shear-mode to tensile-mode propagation.

(14) Observations suggest that extensive reglons of shoar-mode
fracture can occur when either a mean compreasive stress, or
marked material anistropy is present.

3.
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1es Non-propagating eracks.

The work of Prost (1956-1963) and his colleagues on non-propagating
eracks is of direct importance to our present theme. Extended experi-
mental work, reported in many papers, has established quite firmly that
when steep stress gradients (sharp notches) are present, cracks can be
started at the most highly-stressed point and then fall to propagate as
they reach regions of lower overall stress. The tical alternating
stress required to propagate a crack is given by ¢ “£= C, where o =
alternating stress, ¢ = orack length or depth, C = a material constant.
BExtracts from the latest experimental results are given in Table 1.

Table 1. (after Prost, 1963).

Tensile Piain fatigue
Naterial . strength 1imit: - ‘ c
tons/sq.in. tons/sq.in.
Mild steel 8 M3 5.5
Alloy steel - - 60 B 52 545
Copper : WS s b | 0.6
WS Cu-AL alley | . 2 +9 0.2

In his latest paper st refers to ‘the ideas of Forsyth and Holden,
acoepting that the o “¢ relationship is probably rostricted to tensile-
node propagation, and an important section of Holden's paper examines
the significance of non-propagating oracks. Holden's finding that a-

minimum finite volume mu-t suffer deformation for the crack to pmpagate,'

gives a new physical meaning to a vory long-standing idea, 1.e. Neuber's

' mathematical concept of a minimum element over which the stress must

exceod some critical walueo.

. This work has already shed much light on the notch and size
effects, and will obviocusly be developed much further, but we have
enough information for owr present purpose, and can summarize the
findings as follows. o ' : : ‘

‘1e5¢ The mechanism of fatiguo | '

Frost (1963) describes the simplest possible fatigue situa,tioﬁ
in these tarms:- S ' o

"Then a plain specimen is subjected to stresses greater than the |
plain fatigue limit, coyclic shear stresses cause cracks to '
develop on slip planes. Such slip plane cracks penetrate to a
certein d epth and then change their direction of growth from
that of the orystallographic slip plane to being rormal to the
applied loading. They now propagate under the action of normal
oyolic stresses by a mechanism distinct from that responsible

for slip plane cracking.” ‘ - ‘

We uiay extend this simple picture by adding:=-

(1) When the crack initiates at a notch, the range of alterna-
' ting shear stress will diminish as the crack starts to

Le
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propagate awvay from the notch tip, slowing the rate of shear-mode
progress, and possibly halting the crack before satisfying the
conditions for continuing in the tensile mode.

(11) Departurc from a simple tension-compression cycle will modify the

balance between range of alternating shearing stress and maximum
principal tonsile stress, probably modifying the balance betwsen
shear-mode and tensile-mode progress. In the extreme case of a

. completely compressive cyocle the whole process of cracking may
rely on shearing-mode.

(111) Local variations in material properties, and especially anisotropy,

may confuse the picture. For instance, propagation will prosumably
continue under the fastest available mechanism and direstional
properties could cause shearing on a particular plane to offer
raster progress than tensile-mode on some othoer, stronger plane.

(iv) A macroscopic crack normal to the applied losd is not certain
evidence that tensile-mode propagation was responsible. When a
“high stress fiald is narrow in extent, a shearing c¢rack could
sig-zag on alternato 90° planes, giving a generally normal crack.
McClintook (1952) and Petorson (1959) have both suggested this as
& basin propagation mode, and while it must be regardod as super—
‘seded by Porsyth's sugerestion, it oould still happen in special
- - ciroumstances.

One tacit assumption, of course, i.s the.t tensilo-mode progress
is inherontly faster than shoa.r-mode, unless special conditions inter-
vena. ‘ . ’

Moan Stresses and residual stressea

241+ The influonce of moan stress

To a single grain of matoriel, a macroscopic residusl stress must
soem the same as an applied mean stress, and have much the same effect.
The gross influence of mean stross on total life to fracture is well
documented, e.g. Smith (1942) or Sines (1955). - A tensile mean stress
decreases the range of alternating stress for a given life, a compres-
sive mean stress increases it, and a mean shear stress has little effect.
These are generalisations, and exceptions have been reported: the only

" restriction we need to note at present, though, is that yieid on a

macroscopic scale at any part of the stress cyolo will introduce spacid
oonditions. _

l'he most direct simplifying assumption we can maks a,bout mean
stress is that it has no effect on the initiation of a fatigue orack,
and only changes the total life of a spacimen by altering the propaga-
tion process. Some authorities do, in ract, accept this; Phillips

- and Prost (1963) state quite boldly that "..... only the alternating

component of a load leads to the initiation of a surface fatigue crack”,
and strong evidenoce in suprort of this goes baock at least to Gough's
single crystal work of the 1930's, The real prodblem is no longer

 whether or not the stetemert is broadly true, but why it is not more

widely accepted as true, and why it has made so little impact on
fatigue design rules. Many hypotheses in fatigue, such as Gerber's
and Goodman's rules for the effect of mean stress, Minerts "Law" for
cunulative damage, and various suggestions for dealing with combined
stresses, are obvious topics for an approach on these lines, but even
in the f'ew cases where such an approach has been tried, it hu not
been spectacularly successful.

Se
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One of the obstacles has certainly been that there was little
reliable information about the extent of the 'propagation' phase, and
although the occurrence of non-propagsating oracks had becn noted, dotailed
evidence was lacking. Both theso gaps in kmowledgse are now boing
stoadily f11led. The existence of two possible modes of propagation,
shear and tensile, has sometimos been acknowledged, but the possibility
of a change in conditions affacting one modo more than the othor does not
seon to have been thoroughly examined., Again, tho comments on diffusion
of vacancies in para.i.2 above, suggest that the basioc premise may itself
broak down when high stresses, high tomperatures, and slow load cycling
are present, 1.0. in the ocircumstances where we would normally expact
creop to play a part. Mnally, marked anisotropy of the fatigued
material oould so change tho direction of propagation of a crack, that
simple ocorrelations broke down.

All these factors confuse the issue, and no doudbt other modifying
influences operate in some speocial cases. If the original principle is
to be hedgod about with restriotions and alterations, though, it will
soon loose its simplifying influence, and a doliberste compromise must
be pade botweon universal and procise applicability on the one hand, and
eas¢ of use on the other. ‘ :

242 A ding noiple for the effoct of mean stress .
¥With this in mind, then, we mey stotei~

Rule 1. A fatigue crack forms in three stages, (a) Initiation,

, " (b) Shear propagation, (o) Tensile propagation. In’
normal circumstancas, a oompressive mean stress will have
no effect on orack initiation, and only a small effect on
shear propagation, but will significantly inorease the
ronge of applied stress necded to sustain tensile propa-
gation. .

The points we necd to remember when applying this are:- -

(1) "Normsl oiroumstances® ars ones in which no macroscopio yield
ocours during the loading cycle, and no significant amount
of creep is expected. o

(41) Total lifo may be made up of varying proportions of stages (a),
(b) and (o) in different circumstances, inecluding tho completo
absence of any particular stage (o.g. when a treatment induces
surfasce cracking from the outsot). _

- (141) Mean shoar stresses of any sort will not affoct any stage.

(iv) The important stresses ere those exparienced by tho crack,
. and are referred to the direction in which tho crack 1s
propagating; thus a tensile mean strass pulls the oraci
faces apart, a compressive stress prossas them together,
and shearing stress tries to slide them over each other.
Theso obvious ststements bocoma essential guides when a
crack is changing dirootion in a complex stress field.

One part of this rule has boen statod with no prior examination,
i.0. that moan stross has a "small, secondary effact” on shoar propa-
gation. This has been included with the work of Pindley et.al. (1956)
in mind: they suggested a combined stross failura oiterion based on
the "range of cyolical shoar stress”, with a modifying term to allow
* for direct stress narmal to the path of the orack. - Without adopting
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the whole of this approach, tho simple concept of compression foroing
togother the faces of a crack, so that friction between them carries a
portion of the cyclical shear, seems o reasonable one. Any more
rigorous application would necd an experimental value for the "coefficient
of normal stress eff'oct”, and if this proved to be zero the effect would
simply drcp out.

203+ The speecial circumstances of tho fatigue "limit"

A particularly careful approach must be made when considering the
materials with a well-defined plain fatigue limit (i.e. for polished
specimens), such as mild steel. \ithin the framework we have ostablished,

. the simplest idea of a plain fatigue limit supposes that it is the minimun
range of cyclical stress neceded to initiate a craock, i.0. complete Stage I.
If this were so, mean strosses would have no effect on the fatigue limit of
polished specimons. Experimentally, this is not true, and it becomes
necossary to troat the fatigue limit os tho minimum stress needed to -
complota stages (a) and (b), to fit the observation that mean stress has
a small effect on plain fatigue limits and a larger ono on notched fatigue

‘limits. The sharp distinction betwoen stages (a) and (b) then tends to
merge into a gentle transition, from a slip=induced surface roughening at
the start, to the dofinite propagation of a shoar crack as Stage (b) gets
under way. A porfactly polishod specimen, fatiguod just undor the limit,
could thus run indofinitely for ono of two reasonst: eithor because no

. alip bands formod at all, or bocausc they formed, but failed to achieve

the minimum length of crack required to start tensile propagation. The
seoond condition implies that the specimen will contain non-~propagating
eracks which have come to a halt in a reasonsdly uniform stress field,
which is much more difficult to accept than the idea of cracks halting
gfter moving away from a notsh. Several ways round this daifficulty can
be suggested, including thoe camplete rojection of a "perfectly polished”
specimen as an experimontal possidility, but much more needs to be lmown
about the conditions controlling shearing propagation before s deepsr
analysis is possible, Since crack propagation is only an incidental

concern of the present survey, we can note the existence of the difficulty,

conclude that it doos not conflict with the experimental observation that
residual stresses have only a small effect on plain fatigue limits, and
pass on. N ' ‘ :

2., Equating residusl stresses and mean stresses

. It is usual, and valid, to regard a residual stress as equivﬂr.t
to a steady mean stress. Three factors must always be considered in
using this approach, though: they are:~ o :

(1) A residual stress system is rarely a uniform, uni-axial ene,
end care must be taken that all likely stresses have decn
eonsidered. . : o

(i1) The nature and magnitude of the residusl stresses induced by
a particular process are rarely known with any precision.

(111) Application of cyolio loading to a residually stressed body
is likely to cause progressive changes ("tading") in the
residual stresses. :

The second and third factors, in particular, are a sericus obstacle
to any guantitative predictions in this field. The labour and expenss
of the technique for measuring residual stress, most of them destructive,
lie behind this lack of knowledge, and at the same time make it impossible
to measure such stresses on production components. There is no doubt

7.
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that a reliadle, rapid, non-destrrotive "rosiduai-stress-meter” would
revolutionise this whole field, and a major erfort to produce one
(porhaps using X-ray diffrsction, see Bolstad et.al. 1963) would
oartainly be woarth whilse.

. Published work gives some help in estimating the likely magnitude
and extent of the residual stresses near the surface of simple components,
made from ocommon metals, and subjeoted to commonly-used surface treat-
nents, and refervioce is made to some of this work in Sectlon B. Shot
peening, for instance, is generally agreed to induce biaxial ocompression
of magnituds half the yisld stress or more, in a layer of the order 005"
to 020" (say one quarter the shot diameter). Rough guesses of this
sort are often good sncugh for qualitative purposes, and so far the
‘mechanim of the peening improvement is so little understood that few
quantitative estimates are attempted. One of the main gaps in this
sort of knowledge oonze:ns the stresses induced in the vioinity of »
notah, s.g. when a V-groovs is paeered with shot too large to impact the
root of the rotch directiy: egain, the component of residual stress in
s direction perpendicular to the surface is not well understood, and
this oould be pertinent when the fatigue mechanism noar s notch is being
oocnsidered. , .

- I% is much more Aiffisult to find oxparimental backing for predis=
tions about the changas in rasidual strosses under oyclioal loeding,
sxoopt for a goneral confirmation that "fading" oan occur. The simplest
theorgtical approach with any hope of quantitative results is to apply a

eolding ariterion to the total reszidusl-stress-plus~load=-stress systiom

taking trisaxisl stresses iaco acoount), and caloulate the maximum
residual stress values vhich can exist without causing yield at some
part of the load oyclo: Rosenthal (1959) uses & maximum-shear—atress
oriterion in this way with some success. It is gonorally accopted,
though, that alternating stresses are themselves a 'relaxing' influence
on materials containing large numbers of dislocations (e.g. work-
hardenad metals), and that the rasidual strossus will fade to values
evon lower than those predicted by the simpla application of static -
yield oriteria. A comprohensive and reliable method for estimating,
even appcoximately, the smount of fading thai doas occur ought certainly
to be cna of tho major aims of future research in this field. To
collect thc fragments of evidence in this section is unlikely to help
matters, and more definits roforence will be made to them in Seotion B,
when each can ba rolatad tn a spocifio fatigue circumstance. For the
- presont, an attempt must b2 madc to formulatn & guiding rule which is
neither +u vegue as to be usvless, nor so ambitisus that 1% is not
' supported by experiment. ‘fwo helpful points on which there is "general
agrosnent"” are-the increasad likelihood of fading in sof't materials as

opposed to hard ones, and the auch reducwd fading of stress near a notoh,'

where triaxiality of sires: helps.  Pronounced fading also seams more
oommon when the initial residual stresses are high (say more than 75%
of tho ylald stress), and the fatigue limit (or 108 strength) is high
relatize to the yleld strongth. One serious point of disagrecmont
oonoorrs whether the fading uvoocurs rapidly in the first fow loading
oyocles, or gradually ovar an uxtendod fatigus life. A majority of
reports (e.g. Rosenthal & Sines, 1951 or Elsesser 4957) show preotical
ocuplotion of the falding carly in the life, but Puttinson and Dugdale
(1962) swprisingly found that with a 436 Cu-il alloy little fading
ooourred before 10° cycles, followed quite pronounced progressive
fading as rycling was continued to 10, oven for applied stresses less
than half the fatigue limit. “Lis moani, unfortunately, that when
such late fading is possible, sbort-life +esting ~* 4igh applied
streases way overestimate, rather than unisrestimata, the benefits of
a partirwac treatment. Apart from Wiis vawm )y, wiich deserves mors
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experimental investigation, tho goneral picture is that high applied
strosses cause more rapid fading, so that short livos denofit less from
surface treatment than long ones. .

2¢5. A guiding prineciple for tho offect of residusl stross

RPule 2. Residual stresses affect fatigue 1ife in the same way,
and to the same extent, as the equivalent mean stresses.
"Bquivalence” must take account of strosses in more than
a single direction, and allow for the potentisal fading
of residual stress.

More specific points in applying this are:-

(1) Blaxial compression of magnitude at loast 30% to 50% of the
yield stross may be induced and retained in medium~hard to
hard materials (say over 300 V,P.N.).

(i1) Similar treatments will induce residual compression
approaching 100% of the yleld stress in softer materials
(say about 200 V.P.N.), but unless favourable notch con~
ditions exist, early fatigue cycles will remove most of
the residual stross.,

(111) High fatigue stresses, leading to failure in {000 cycles or
so, will cause sevore fading in almost any material, under
any conditions: so will prolonged exposure to temperatures
spprociably higher than ambient. .

(iv) The penetration (i.0. depth of résidually stressed layer)
of a treatment will‘be one of the significant variables,
since crack pro;;:;étion is involved. This will not
simply be a ques¥ion of deeper penetration giving more
improvement, though, bocause of the connection with nonw-
propagating chks etc. In given circumstances there will
normally be A4 minimum depth for any improvement at all to
take place, and a maximum beyond which no extra improvement
occurs, but these will vary widely according to material

and shape of the component, eto. .

. The effect of work-hardening

Modern theorles of work-hardening, based on the interaction stresses
of massed dislocations, have tended to blur a little the sharp engineering
distinotion between "pure" work hardening on the one hand, and macro-
scopic rosidual stress on the other, since both arise from local imbalance
between the atomioc forces. Division into 'micro-' and 'macro-' residual
stress is profitable in some circumstances, but an adequato idea of 'pure’

" work hardening in the present context comes from imagining a eylinder of

material machined from the core of a bar which has been uniformly com-
pressed beyond its yield point. 1In spite of differences in orystal
orientation, etce., which cause local variation in ylelding, with resulting
local stresses, there will be no systematic residual stresses in such a

. eylinder, in contrast to tho situation if, say, its surface alone had been

rolled baeyend yield. For engineering purposes, then, simple types of

" uniform plastic distortion cause work-hardening without residual stress,

and it is the offoct of this sort of work-hardening (artificial though the

distinction is) thet we need to consider.

9.
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3e1s York hardening vs. residual stross

A simple approach to the problem is to assume that the effect on
fatigues of a certain amount of work-hardening plus a given residual stress,
is the same as the sum of the effects of each applied separately. Bxperi-
ments to verify this are easy to devise, and work-hardoned specimens
without macroscopic residual stress can easily be obtained by suitable
cutting, although there is some argument about whether residual stress is
easlly produced without work-hardening (or some other physical change).

In spite of this, a fierce controversy is said to have been carried on in
Gerasny during the 1930's about the relative ocontributions of these
immediate offects, and although there is now little arguemont atout the

~subject, conclusive evidence one way or the other is diffiocult to find.

There is no doubt that work-hardening alone can have a significant
offect on fatigue strength, although tho megnitude and sign vary between
materials. Some examples roported are a substantial improvement for
mild steel and titanium, little, if any change for copper and a Ni-Cr

- alloy steel, and a possible decrease for a high strergth aluminium alloy

(Kaufwan and D'Appolonia, 1955; Frost, 1958 and 1960; Teed 1952).

Even if these effects could be simply added to that of residual stress,
then, the situation would vary from one material to another, and there ia
evidence that the actual combined effect is not simply additive, but
dopends on the type of appliod stress system, among other things. Thum
is sometimes quoted as concluding that for bending fatigue 80% of

y any
. improvement comes from rosidual stress, and 20# from work-hardening, but 7

that in torsion the proportions are reversed.’

 One possibility is thet tho confusion arises from neglect of
directional effects, and the bending/torsion discrepancy supports this.
Revarting to the fatigue crack mechanism, any proferred orientation of

_the drystal planes, or change in the offectivo grain size, such as cold-

working produces, ocould have a strong offect on the initiation of a crack,
since crystal slip is tho dominant factor. Stage (b), with its emphasis
on shoaring planes, could alsc bo strongly affected. If, in addition,

© the potential length of tho shoaring crack were s deciding factor in

fatigue strength, work-hardening could make a decisive contribution.

There 1s little solid evidence for this sort of arguement, but any future
attenpts to seperate work-hardening and residual stress effects should be
carofully dosigned to monitor variation of strength in different directions,
with a particulsr watch on anisotropy of the original, untreated material
(if wrought aluminium alloys are used, for instance). o

. At present the only ocircumstances where the work-hardening contri-
bution of a comparatively shallow surface treatment is likely to be
important is vhen plain specimens of & soft metal (say, mild steel) are
being treated. Because of fading, residual stresses are unlikely to
help much, and a major part of the small (perhaps 5-410%) improvement may
be due to work-hardening, but these are in any case oirocumstances unlikely
to interest a designer. Tho emphasis hers must be on the "oomparatively
shallow" aspect of the surface treatments like shot peening. When gross
deformation of the whole cross-soction cocurs, as in a cold-drawing
operation, work-hardening must be more important than residual stress,
and Harris (1961) quotes a casc where the fatigue limit of an 48/8 Ni-Cr
steel was more than doubled by cold work. .

342 A guiding principle for the effact of work-hardening
Rule 3. In most prectical applications of surface treatment,
work=hardening is likely to be less important than
residual stress. Its effoct will be beneficial on

10.
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. soft materials with high hardening coefficients, but may
ba slightly detrimental on less ductile metals. Aniso-
tropy due to cold work should be considered a potential
contributor to anomalous test results.

Until the effects of residusl siress are more exactly prediotable,
efforts to isclate the work-hardening contridution are not likely to
directly affect the practical uses of shot-peening, although they may
heolp with fundamental fatigue knowledge.

L+ The effect of surface profile

The detrimental eifect on fatigue strength of roughening e surface
is well known, and qualitative statements in general terms are easily
made, the shortest maxim being "the smoother the bvetter". The
extensive literature on the subject does not include a general gquanti-
tative rule, although partioular circumstances have sometimes been
covered by formulae, usually relating fatigue limit to surface roughness
(C.L.A. in micro-inches, say) and hardness, for a particular metal or
group. In practice roughness rarely varies alone, and different grades
of turned finish, for instance, differ in the amounts of cold-work and
residual stress they introduce in thin layers near the surface, as well

&8 producing different profiles. This problem of separating the
effects, linked with the problem of whether it is even desirable to
separate the effects, is more acute when shot-peening and such processes
aro being considered, since strong residual coapression may overccome the
offects ‘of surface roughness. _

Lele Surtaoe roughness Jroduced by ve.rious treatments

This is one rogion whers a clear qualitative distinction can be
made between two of the main treatments, represented by shot-peming ,
and vapour blasting. In general, a shot peened surface is much rougher
than the original, untreated aurface » 80 that as-peened components
invariably rely on residusl stress and work-herdening for any improvement.
If environment and applied loading remove these by relaxation, there is a
very real danger that the peening roughness will cause a marked reduction
in fatigue strength. On the other hand, if the surface before troatment
has sharp scratches and gouges, these may be locally rounded by vapour
blasting, giving an improvement which does not depend on maintaining
residual stress. This smoothing effect is relatively straightforward,
but the roughening from shot peening needs a little more discussion.

L4L.2. The nature of tho "as-poened” surface

Impacting a surface with shot of an appreciable size (e.g. +020" =
+030") produces at bast a smoothly dimpled surface, but usually the
profile contains at least a proportion of sharper pits. . There is
evidence that in many cases shallow cracks are formed, perhaps penetrating
003" or so. When residual compression is maintained in the surface
layer these do not have a disastrous effect on fatigue strength, although
Coombs et, al. (1956) found that polishing off the surface layer after
peening gave a further improvement on plain specimons of a spring steel.
Hard evidonce on the subject is not plentiful, but it is quite established
that where the rough, as-pecned surface cannot be accepted, s careful
finish-machining operation after peening does not reduce the final
strength, and may well improve it. The depth removed 1s likely to be
eritical, since less than 003" may not clean the surface, and more
than +005" may remove & substantial part of the stressed layer. Mainly
for this reason, development testing would certainly be needed before
adopting peening-plus-machining in a given ciroumstance. For general
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purposes, it is as well to regard an as-peened surface as one already
containing minute oracks, which do not propagate because of the residual
compression.

hede A guiding principle for the sffect of surface roughnass

Rule 4. Changes in surface profile will depvnd mainly on size and
. sharpness of the impacting particles, Fine-particle
processes such as vapour blasting will in general give a
alight improvement on this count, but the surface left by
shot=peening should be regarded as potentially cracked.
Smoothing after peening is allowable, and careful machining
in these ciroumstances can add to fatigue strength.

The effect of peening before applying an anti-corrosion coating,
such as electrodeposited metal, is a particularly interesting case (see
Section B). Psening changes the stresses at the junction between
parent metal and coating, from tension %o compression. Cracks from the
coating are thus prevented from propsgating into the core, and fat:lgue
strength is substantially improved.

Summary of basio principles

The general conclusion, then, is that although other faotors are
present, the most important single effect of a mechanical surface treat-
ment is to induce residual compression in a shallow layer. This
improves fatigue strength by slowing down, or ecompletely halting, the
propagation of fatigue cracks, rather than by affecting the initiation
of the cracks. When treatments produce no improvement it may be because
the fatigue strength of the untreated component i3 limited by the ocon~-
dition for arack initiation (perfectly smooth specimens, for example) or
because the comprossive stresses have faded under the aotion of cyclio
applied stresses. . ‘ :

One consequence of the basic premise is that the depth of the
affected laysr is a significant factor, and since this depends largely
on the size of the particles used to impact the surfaoe, processes my
be broadly classified as either:-

(a) ™arge-particle prooesses, such as shot-peening, with shot
, sizes of 020" upwards, g.‘..ving an affected zone about .010"
to .050” deep. .

or (b) "Small-particle® prooessas, such as vapour blasting, where
. typical penetrations are of the order LN " or ,002",

The contribution me.de by changes in surface geometry depe_nds on
whether a large-particle, or a small-partiocle process is involved.
The detrimental effeot of the rough surface left by the former is
generally nullified by the fairly deep layer of residual compréssion,
and surface geometry is not a dominant factor. On the other hand,
anall-particle processes gencrally round off any sharp gouges or deep
soratches in the surface, and the benofit this gives probably accounts
for a significant part of the fatigue improvement.

One quick way of eliminating some- s:!.tuations where surface
treatment is unlikely to help is dased on the "fatigue-ratio” (f'a.tigue
limit divided by U.T.S.). Harris (1961) has suggested that Ou5 to

0«5 i3 an "ideal” value of this ratio for all steools, ususlly
achieved only by avoiding inclusions, decarburisation, surface
roughness etc., and that where values of 0.5 or so are already

12.
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being achieved, further surface treatment is unlikely to give any
improvement. This does not conflict with any of the ideas adove,
since the fatigue limit in thess circumstances is decided by whether
or not a crack can be initiated, & process which is not affected by
residual compression. The best way of using this suggestion 1is
probably to regard a fatigue ratio of 0.5 or 30 as the maximum attein-
sble with any steel, either by the use of an optimum surface treatment,
or by eliminating all stress raisers, and adopt whichaver of theae two
processes is most expedient. A process like shot peoning will generally
be cheaper than one aiming at & highly polished surface, although the
rough poened surfaco may be unacceptable for other reasocns.

The empirical rules for shot-peening quoted in the introduotion
(Puchs, 1963) do not conflict with the approach now being suggested.
Ta.king some of the specific points, for instance, the emphasis on

"parts with section changes or other stress raisers" has dual origins:
firstly, the propagation phase is more important when stress raisers
arc present, and secondly tho notch configuration will help to prevent
fading of the residual stresses. "Skins prone to fatigue damage™ are,
in effect, skins in which cracks form easily under cyclic stress, and
large improvements naturally come from a treatment which prevents these
from propagating. Hard stecls have a low fatigue ratio and high notch
sensitivity because of the ease with which cracks propagate away from
minute stress raisers in such stoels, and the increased offectiveness of
peening as hardness increases is to be expected. Finally, the complete
lack of improvement at very short lives is linked with the rapid fading
of residual stresses which ocours when high lovel cyclio stresses are
imposed.

‘Bele Re-sta.tement of guiding

Collecting together the four rules given -"aviously, we hava--

Rule 1. A fatiguo crack forms in three steges, (a) Initiation, ,
" (b) Shear propagation, (c) Tensile propagation. In
normal circumstances, a comprossive mean stress will
_have no effect on crack initiation, and only & small
effact on shear propagation, but will significantly
increase the range of applied stress needed to sustain
tensile propagation.

Rule 2, Residual stresses a.ffect fatigue life in the same way,
- and to the same extent, as the equivalent mean stresses.
"Equivalence" must take account of stroesses in more than
a single direction, and allow for the potential fading
of residual stress.

Rule 3. In most applications of _surface hreatment N work—ha.rdening
is 1likely to be less important than residual stress. Its
effect will bo beneficial on soft materials with high
hardening coefficients, but may be slightly detrimental
on less ductile metals, Anisotropy due to ocold work
should be considered a potential contributor to -
anomalous test results.

Rule 4. Changes in surface profile will depend mainly on size and
sharpness of the impacting particles. Fine-particle pro=-
cosses such as vapour-blasting will in general give a
fatigue strength improvement on this count, but the surface
lof't by shot-peening should be rogarded as potentially
cracked. Smoothing after peening is allowable, and carsful
machining ia these circumstances can add to fatigue
atrength 13
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Section B. Direct Bxperimentsal Evidence
Introduction

J great deal of useful information about surface treatments has been
obtained in the most direot manner, by fatigue testing specimens or com-
ponents praviously subjected to the trestment, and comparing the results
with thosa from similar tests on untreated componsnts. The overall
oirouwstances of any particular test programme are made up from a very
largs number of separate factors, and inevitably some of these factors
have been more thoroughly investigated than others. -~ For instance the
influence of shot-paening on amall rotating-b¢ding spocimens of medium-
hard steels has been investigated many times, and an exhaustive search
through old test records would probably yield a mass of inforuation on
this topio alone, It is unllkely that the oxercise would be rewarding,
though, sinoce the general pattern of behaviour in these circumstances is
by now protty genarally agrecd. On the other hand, the effect of surface
treatmont on ocompononts fatigue-loaded in direct tension, with various
mean loads, has not boon so thoroughly examined, in spite of its obvious
importance in both the practical and fundamontal fields.

-The rules put forward in Soction A have boen derived so far by
blending fundamental fatiguo knowledge with general surface treatment
"know=how", and must obviously be tested against existing direct evidence.
Because the rotating-bonding case has been so widely studied, it will
have a prouinent place in any such comparison, but to avold giving an
unbalanced pioture the information has to be carefully seleocted, rather
then comprehensive. In maldng a selection, some pattern has to be

. adopted, and the aim below has been to sot out a series of case histories,
- ohosan: to test the validity of tho rules in as wide a variety of ciroum-

stances as possiblo, :

‘ Because residuasl strossos are so importent, ideal test rosults
include residual stress moasurcments as well as fatigue tests, A lot
of good evidence would have to be rejected, though, if this wore an
essential condition, ‘and an attcmpt must be made to estimate the likely
residual strasses for some of the reported conditions where no actual
moasurcments wore made. In any caso, a reliadle method for estimating
these stressos, even approximatoly, would be of direct help in the
application of surface trratments, and it will be useful to examine the

‘information or this topic before starting to look at fatigue test

results.

Residual stresses induced b'y shot:gaening
2.1« The general stress pattorn

"Both shot peening and vapour blasting induce rvsidual com-
pression in a surface layer, but the depth of this layer is
significantly greater for shot peening, and in fact one of the
points to be made later is that the dapth of penetration is largely -
controlled by the particle size. The fine-particle processes, then,

can be rogarded in the present context as special cases of shot-

peening, and since most of the available measurements are on shot-
peened surfaces, it is expediont to refer throughout to the effects
of "peening", or /shot-peening". o

,Mothbda of measuring residusl stresses may be classified as
either dissection-type or X-ray tyne. In the former, the specimen
has portions removed in a controlled sequence, and the resulting

dimonsion changes are measured: X-ray methods rely on the dis-
torsion of diffraction patterns, aad gonorally give only the siresses
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at the immediate surface. Both methods have been used in peening
investigetions, but dissection techniques have supplied the bulk of
the information, and it will be assumed in the discussion below that
thi:iwa:d the mothod used unloss X-ray diffraction is specifically
mentioned,

A casusl exsmination of some of the published residual stress
measurements brings out one immediate diff'iculty. A residual -
stress system in a solid body is obviously triaxial, and even if
the discussion is limited to the imumediate surface region, two princi-.
pal stresses are involved. In spite of this, many workers quote only
one measured stress, usually along & prinoipsl geometriocal axis in
the surface. This may be enough when the results ars to be applied
to fatigue specimens with simplo shapes, loaded in a simple menner,
but the limitations of the information must bs kept in mind when any
more complex situation is being examined. ‘

One of the simplest cases is that of a flat plate, peened on one
side. This is a convenient specimen shape for dissection techniques,

- and the results can be appliad fairly directly to the shot-peening of

laminated automotive springs, a regular commercial application.
Enough information has been published on this type of. specimen for
some broad conclusions to be drawn about the effect of different
peening conditions. Most specimens have been rectangular, both -
longth and breadth being much greeter than the thickness, and the
discussion will generally be concentrated on the longitudinal prinei-
pal stress in a specimen clamped during the peoning. Whon such a
specimen is released after peening, it springs into a curve, convex
towards the peened side, and the stress distribution obviously
changes. The important distribution, though, is that in the
clamped straight specimon, immediately after peening but before
release, and this is the distribution considered below. Very
rassive components, or symmetrical components peemed on both sides,
do not need this distinction. , o

The form of the longitulinel residual stress psttern is shown

in Pig.1, Tgs T Max and Op being the surface, maximum and tensile

stresses respectively. = The penetration, A, is arbitrarily taken as
the depth to the layer of gero residual stress, and a dimension Am .

is introduced, being the depth to the layer in which maximum residual
compression occurs. This does not imply that the peak compression
is never at the immediate surfece, but does allow information about
its position to be treated as one of the variables. ‘

. The general shape of this stross distributlon is supported by
reports such as Mottson (1956) and Lessells ard Broderick (1956),
both based on flat stoel specimens about 3" thick. Richards (1945)
found the same general form in flat light alloy strips, and Foppl
(1951) differed only in details when he examined shot-peened steel
oylinders. The pattern, then, is simple and similar over a range
of conditions, and variation occurs only in the magnitudes of o s?

A etc. ‘ ,

The factors affecting o, 8 ete. fall into two groups: firstly
there are¢ the properties of the peerad material, including the form
of the pecned object: secondly the conditions of the applied process
must be considered, covering such itoms as size of shot, blasting
pressure or speed, and intensity of exposure. The upper limits of
c.0, , and to a certain extent 4 , will be decidad by the pro-
pe§ti§g‘xof the peened matorial. These are sometines I}eferred to

15.
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a8 "saturation” values, implying correctly +hat once they are
achieved, continuing the peening brings no further benefit. It is
not necessarily true, though, that oontinuing peening has no effect
at all, since sotusl abrasion and demage to the surface can continue
after the saturation level has besn reached. One of the raasons
for studying the effects of the seoond group of factors, i.e. the
%process" variables, is to enable material saturation to be reached

- as easily and economioally as possible, with a minimum of damage to

the actual surface, but it would also be useful to have some idea
of ths stresses induced by less severe peening processes, which do
not reach the saturation level. Any real situation will be con-
cexrned with the effacts of both material and process variables, but
it is oconvenient to deal with them in separate sections, bearing in
mind that the former allow estimates to be made of the stress system
which can re--onably be achieved, and the latter help to choose
ciroumstances which achisve it.

2.2. The effect of the properties of the peened materials on the

induced stress system.

Since plastio deformation is the basis of peening, yield
strength and work-hardening capability are of cbvious importance,
and indentation hardness might be expeacted to correlate with
response to peening. Bxperiments support those expectations
fairly wall, although correlation with yleld stress is not precise:

 yleld tosts at high rates of strain might throw some light on this,

but only static yleld is usually quoted.

Taking the main charactoristics of the stress distribution
in turn, then, we have:- i

(1) Magnitude of maximum compression, gz,

Investigations like those of Mattson (1956) and Lessells
and Brodrick (1956) have genarally aimed at establishing a
ratio of O to Oy (yield stress): both used flat plates of

medium to high stren steels, and found ratios in the 0.5 to

0.6 region. Almen (1950) gives general support to this

‘Plgure, and the reposts of Foppl (1951) and Hempel (1959) show

that oylindrical specimons give similar results, but thers is
a tondenoy in much of the literaturo to imply that lower
strongth stecls may well have highor valuas of this ratio.
Without quoting tes*: results, Puchs (1963) says that for
stoels with ultimato tensilo strengths betwsen 4000,000 and
3000,000 1b./sq.in., tho residusl ocompression is given by
ﬂ'nu = 70,“)0 +* 002 U.T.S.
Tho roason for the corralation with U.T.S., rethor than yleld
stross, is not obvious, but the rule is certainly successful
whon chocked against tho raports quoted above. Softer
matorials such as aluminium alloys, soem ocapablo of develop-
ing residual compression at least up to the statlo yield
strength. Richards (1945) pooned flat strips of X765-T, 1"
thick, and found comprossion vp ‘o 66,000 1b./sq.in. (o
042% proof of 60,000 1b./sq.in,) and Vaismen and Phillips
(1954) roport betweon 50,670 and 80,000 i%./sq.in. compression
in 0.109" thick strips of 75:-T6. :
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