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ABSTRACT

Research on shot peening parameters has so far been of an experimental nature. In
this lecture an attempt is made to highlight the main aspects of the process with
a view to embracing a wide body of related phenomena which will assist in future
analytical work. Shot peening is viewed as a multiple impact process. Inter-
action between shot and target is discussed and the sequence of events during the
loading and unloading cycles which lead to residual stress development are examin-
ed, Attention is focused on single ball impact to obtain simple expressions for
the depth of the plastic zone and how it is influenced by the velocity and density
of the shot and the strength of the target. The theoretical expressions compare
well with experiments. Further discussions are presented on the influence of
strain rate and strain hardening and reference is made to concepts such as shake-
down and Bauschinger effect,
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INTRODUCTION

The response of a material to multiple impact by projectiles is a complex function
of the physical properties of the target and projectile. When hard spherical
projectiles impinge upon a target of elastic/plastic material and the impact veloc-
ity is sufficiently high, the target material undergoes local plastic deformation
and, upon rebound, the rest of the elastic material tends to push the plastically
deformed zone resulting in compressive stresses. Our prime concern in the shot
peening process is to control the magnitude and subsequent distribution of these
residual stresses.

It is now established that the impact of the shots causes plastic deformation with
lateral stretching and grain distortion and upon elastic recovery the target
acquires a shallow layer of superficial compressive residual stress below which it
develops smaller equilibrating tensile stresses. Typical residual stress distri-
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butions in thick and thin plate specimens are sketched in Fig. 1. Extensive
experimental results on residual stress distributions under various conditions
may be found in Flavenot and Nikulari (1977).

Thin plates normally curve upwards but thick blocks are too resilient to show any
detectable curvature. Hard materials engender peak residual stress below the
surface.

In the shot peening process the magnitude of the residual compressive stress at
the uppermost layers and the depth to which the plastic deformation extends play
a most significant role in the fatigue and stress corrosion performance of the
peened component. That is why any significant contribution towards the control
of the physical parameters of the process must aim at correctly predicting the
residual stress distribution. To date, there has been an extensive amount of
experimental work on Almen intensity, arc height development, residual stress
measurements, fatigue life, etc. Notwithstanding, there is a noticeable lack in
the literature of analytical work on shot peening. This is not surprising, how-
ever, due to the complex manner in which target materials respond to the multiple
impact of shots. It is cumbersome enough to attempt to predict the impact res-
ponse of a material to a single blow, as this would require fundamental under-
standing of high strain rate elastic as well as inelastic phenomena. The requis-
ite understanding of single blow impact is still incomplete, but considerable
progress has been achieved in recent years. The present level of comprehension
is reviewed in the books by Goldsmith ( 1960) and Johnson (1972). This knowledge
of high strain rate phenomena can be used to develop a physical description of
the sequence of events that accompany the impact of a single projectile., When
multiple impact takes place, the problem becomes more complex as it will require
understanding of other aspects such as shakedown, progressive plastic deformation,
Bauschinger effect and strain softening due to cyclic plastic deformation.
Furthermore, the contact characteristics between thick target and projectiles and
the concomitant stress waves will need to be examined.

In this lecture, an attempt is made to describe some of the important mechanical
aspects of this rather intriguing and challenging process. Concern will mainly
be focused on the development of highly simplified expressions in single impact
situations which may be useful in relating parameters such as projectile density
size and velocity and target hardness to thickness of the plastically deformed
layer.

STATICAL ASPECTS

The elastic field below a concentrated load (P) acting on a semi-infinite surface
is well known as the Boussinesq problem (1892). Fig. 2(a) shows the resultant
stress 0" at any point A given by(3P/amd?)where d is the diameter of the circle

and the stress will be directed towards (0) at all points. In a two-dimensional
situation these circles will be lines of constant shear stress, see Shaw and
DeSalvo (1970). Fig. 2(b) shows lines of maximum elastic shear stress beneath a
smooth spherical indenter obtained from a Hertz analysis (see, for example,
Timoshenko and Goodier (1951) or Davies (1949). The load distribution is hemi-
spherical and the ratio of mean P to maximum p, pressure is 2/3. The maximum

shear stress T lines represent non-dimensionalized values of T/P. Fig. 2(c) is

a plot of ©/P versus the non-dimensional distance below the surface Z/a from the
vertical centre line. The base of the punch is drawn flat for convenience even

though it is a spherical surface of a larger radius.
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Plastic deformation will first occur at a point Z = 0.47a below the surface,
corresponding to T = 0.468p. Using maximum shear Tresca yield criterion, the
stress at this point is 0.5Y and thus p = 1.07Y. As the load is increased, the
plastic flow zone will grow and extend to the surface of the punch.

Plastic Zone

By the maximum shear criteria, one of the lines of maximum shear stress in Fig.

2(b) should correspond to the plastic-elastic boundary for fully developed plastic
flow.

In the fully plastic state where the elasticity of the medium is ignored and the
theory of rigid plasticity applies, slip line solutions are used to identify the
regions of velocity discontinuities along which material flows towards the surface.
Normally, two-dimensional solutions are applied. Two famous slip line solutions
are due to Prandtl (1920), Fig. 3(a), and to Hill (1950), Fig. 3(b). The depth
of the plastic flow in the Prandtl's case is l.414a whilst that in the Hill's
case is 0.707a. Experiments on ball indentation of thick blocks, however,

reveal different values and indeed show a plastic zone which is contained by the
elastic field surrounding it, see, for example, Samuels and Mulhearn (1957) and
Shaw and DeSalvo (1970). The plastic boundary can be fairly represented by a
curve which closely fits a Hertz maximum shear line more than a slip line as
sketched in Fig. 3(c). 1In fact, our experiments reveal that the plastic boundary
in dynamic indentation also has a similar shape as shown in Fig. 3(d).

The problem of determining the depth of the plastic zone in elastic-plastic axi-
symmetric flow is discussed by Shaw and DeSalvo (1970). By matching the Hertz
solution with that of the Boussinesq problem, they obtain an equivalent concen-
trated loading situation from which the required maximum shear stress contour
which defines the plastic boundary is obtained. The analysis is involved and
beyond the scope of this report. The depth of the plastic boundary was theoreti-
cally predicted to be h_ = 1,816a below the surface corresponding to a T/p value
of 0.177 in Fig. 2(b). pIn terms of the radius gf the spherical indenter R and the
depth of indentation Z, this become (assuming a“ = 27ZR),

h =3
2 - asfZ) . ()

The 0.177 contour corresponds to P = 2.82Y (for T = 0.5Y) which requires a maxi-
mum constant pressure at the centre of the contact surface of 3/2 x 2.82Y = 4,23Y,
After allowance for contour distortions near the edges of the indenter, a factor
of 0.94 is predicted for correcting the value of P to become 2.82/0.94 = 3.0Y
which is close to experimental values.

It may well be worth remembering that in shot peening we are dealing with more
than one axisymmetric indentation and therefore the equivalent two-dimensional
problem could offer a better value! In this case the depth of the plastic zone

is 2.99a or h?P - 4.23(%)2.

Residual Stress after Load Removal

We now consider the mechanics of residual stress development on removal of the
spherical indenter. Consider an element at point A on the vertical centre line
within the plastic boundary, Fig. 3(c). The action following the application of
the external load may be considered, as suggested by Shaw et al (1970), in two

steps. In the first, the elastic stress field 01 and G} will be fully developed

as load P is applied, but plastic flow will not have occurred, Fig. 4(a). When



586

plastic flow occurs, stresses Hy will develop in the two transverse directions,

Fig. 4(b). Flow will continue until the Tresca yield criterion is satisfied, and
thus

G - H, = Y (2)

On removal of the external load, O, will vanish and the state of stress will be
as shown in Fig. 4(c) provided H, does not exceed Y. If Hy > Y then a second

plastic flow (or reversed yielding) will occur on unloading and stress H,, Fig.
4(d), will develop where

H2 = Hl - Y (3)

in accordance with the Tresca yield criterion.

The plastic material beneath an axisymmetric indenter can contain residual com-
pressive stresses that are much higher than Y. For example, at the centre of the

top surface 01 = 4,23 so that the maximum lateral residual stress is Hl = 3.23Y

for a Hertz-type load distribution.

Elastic-plastic stress analysis by classical continuum mechanics becomes intract-
able. While the above analyses depended on certain simplifying assumptions, the
finite element method can yield numerical results with great accuracy. Such a
study on elastic, perfectly plastic materials was made by Hardy etal (1971).
Inclusion of strain hardening as well as inertia effects are at present the sub-
ject of investigation by Al-Obeid in our Department.

In shot peening, the far field stress due to one indenter adds to the stress below
the other indenter if load application occurs simultaneously. Consequently,
plasticity may be reached earlier and the plastically deformed depth may tend to
be slightly shallower. However, in practice, the occurrence of impact is random
and also includes multiple single as well as repeated impacts. The plastic zones
below the shots join together to form an upper layer of residual compressive
stress almost uniform over the active surface of the medium.

The plastic indentation of metals was studied by Tabor (1951) in static and
dynamic conditions. Interestingly, he found that, due to elastic recovery, the
indentation rebounds to a shallower curvature after being deformed. This shall-
owing effect of each indentation when integrated all over the surface of a shot
peened plate manifests itself in the form of an upward curvature producing the
conventional arc height in an Almen strip. The arc height continues to increase
as the surface is progressively covered and repeatedly impacted until a stage is
reached when no more curvature is produced by the imparted energy and the compon-
ent is said to have reached saturation. There is much to be propounded on how
saturation is reached. Speculative reasons are given when discussing influence
of strain rate, strain hardening, shakedown and Bauchinger effect.

DYNAMICAL ASPECTS

As above, we consider the aspects in a single impact first. The problem of an
elastic sphere striking a semi-infinite solid of the same material is commonly
solved by resort to the Hertz contact "force-approach" expression and assumed

to be the decelerating force acting on the projectile (see, for example, Timo-
shenko and Goodier (1951). For a density of material , Poisson's ratio v and
Young's modulus E, a projectile of radius R impinging upon the surface with a
velocity V' produces a maximum average pressure given by
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Jv?

(2 sx(a)"’[ ]“/5 s (4)

and the duration of impact, t, is given by ,

E—z,n[zsﬂpk )] = (5)

For a steel ball of 6.36 mm diameter dropping from 10 m helght onto a steel block,
we have a strikingly high value of p = 4.0 MN/m2 (260 ton/1n ) and T = 16.7 M sec.
In practice, of course, the deformable material of the target and the projectile
have inertia and, consequently, stress waves are generated in both and for any

study on the dynamical aspects to be of practical value, these stress waves must
be examined.

There is an enormous amount of literature on stress waves in semi-infinite solids.
Some of those of direct relevance to the present problem are authored by Tsai
(1968), Ching-Hsie Yew and Goldsmith (1964), Kolsky (1963), Engel (1976), Hopkins
(1960), Lamb (1904) and Goodier et al (1959).

It is now fairly established that when a spherical projectile impinges upon a
surface, part of the kinetic energy is converted into strain energy which is pro-
pagated from the point of impact into the interiors and surfaces of both the pro-
jectile and the target. This energy is manifested in the form of travelling
stress waves and the properties of these in turn are governed by material and
geometrical properties of the medium.

In an elastic target, two kinds of waves are propagated through the interiors of
the medium. A dilatational wave or a Push-Pull (P wave) which travel at the
speed [ (M +'HH)/ 1”2  and a rotational or distortional shake wave (S wave) which
travels at the speed (/4//-‘)"" where X\ and p are the Lame constants and r the
density. The wave fronts of these waves are shown in Fig. 5(a).

Another type of elastic wave of importance to impact problems is a surface or
(Rayleigh) wave. These mainly travel over the surface and therefore carry a
large proportion of the energy to much larger distances than P or S waves. Due
to the grazing incidence of the P wave on the stress-free surface, another shear
type wave called Head or (H) wave is also generated as shown. A surface strain
record at a position near the impact zone would look as depicted in Fig. 5(b).
The faster strains of the P wave first arrive, next those of the S wave and
lastly the large amplitude R wave.

1f the projectile was soft, the rate at which the contact circle expands could
interact with the Rayleigh wave. Such a phenomenon is of vital interest in the
field of erosion due to water impact, Salem et al (1979), and also in the field

of explosive welding where the interfacial waves between the impacter and the
target plates have to be controlled, see, for example, Salem and Al-Hassani (1981).
On the other hand, if the projectile was rigid and the target can offer plasticity,
a plastic wave will spread from the impact point with a velocity given by Hopkins
(1960) as

P [r - H(i)/zK
/’ Hle)/ax

where K is the bulk modulus and H'(g ) the tangent modulus derived from the
plastic stress-strain relation @ = Y + H(¢ ) where Y is the uniaxial yield stress.
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Plastic waves are slower than elastic waves. Consequently, when unloading occurs,
elastic unloading waves quickly catch up with the plastic waves generated earlier
in the pressure cycle. It has been demonstrated by White (1949) that "internal
reflections' occur at the plastic wave front in work hardening materials; an
elastic wave is propagated back towards the surface and a plastic wave of reduced
amplitude continues to propagate into the material and so on until all plastic
action is diminished and only elastic waves remain circulating within the body.
Unloading of the plastically deformed region behind the plastic wave front can
also occur due to the arrival of tensile elastic waves returning after reflection
from the free boundaries. In fact, these reflected waves could be so severe that
in brittle materials they cause spalling fractures. It is also important to mnote
that in solids of curved boundaries, e.g. the projectile, the reflected waves
focus within the body and cause internal fractures. A typical fractured sphere
of perspex subject to a fast blow is shown in Fig. 6. This is of relevance to
the study of the behaviour of glass and ceramic beads during impingement. For
further details on the subject of stress wave focussing and fracture, see

Silva Gomes and Al-Hassani (1977).

Normally, components to be shot peened are thin and the shots are small and hard.
Consequently, the transit time of stress waves is much shorter than the con-
tact duration. Many elastic wave traverses may take place before the shot
bounces back. In the meantime, the plastic 2one develops below the projectile.
Our experiments have shown a great similarity between the shape of the plastic
zones obtained by impact and by static indentation. Indeed, the depth of the
plastic zone is nearly equal in both cases provided the indentation is of the
same extent. This discovery enables us to use equation (1) with reasonable
confidence. 1In Fig. 7, this equation is compared with results obtained from
static indentation tests and dynamic tests. The dynamic tests were performed
using a specially designed Tornedo cartridge gun with velocity measuring facility
as shown in Fig. 8 Steel spheres of 4.8 mm diameter were projected on steel
targets with velocities in the range 50 to 150 m/sec. Further details on the
instrumentation may be had from Tabai (1981).

Repeated impacts on the same spot confirmed the findings of Pope and Mohamed

(1955) in that the plastic zone spreads gradually, but our results revealed that
there is an extent beyond which no further spread will occur without further
increase of the impact energy level, see Fig. 9(a) for repeated impact at 75 M/Sec.

Another interesting experimental feature is that when additionmal impacts are
caused to occur adjacent to each other, the plastic zones join up to form a uni-
form plastic layer as shown in Fig. 9(b).This is also found in static indentation
tests.

So, it is fair to assume that in the range of impact conditions pertaining to
shot peening, the plastic zone well develops before unloading waves diminish it
away. This is also confirmed by a numerical computation (Evans et al 1978).
During the plastic action, the contact pressure distribution may justifiably be
assumed similar to that commensurate with the static indentation. This holds
reasonably well if target inertia was negligible. 1In such situations, we can use
the value of p = 3Y for the average resisting dynamic pressure to the projectile,
I1f, however, target inertia was important, then stress waves must be accounted
for. To simplify such situations we may choose to mneglect elastic waves,
Hutchings (1979). Here, the contact characteristics can be approached from the
dynamic solutions for an expanding pressurized cavity, see Fig.lo(a)Such solu-
tions identify the equation of motion for a cavity of radius r as Goodier (1965),
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2 . ‘2 4.2
Do (01-0?) « P (r t).. v r4ahht 2% 9
P )= —_
dr * /, ' r rs ‘ (6)

where & is the particle acceleration at distance r from the centre. These
equations are very similar to those for a thick wall sphere subjected to an
impulsive internal pressure, see Al-Hassani and Johnson (1969).

The solution to the above equation is expected to be only useful near the central
axis if the projectile wherein T, is equated to the projectile radius R and %o

to the penetration rate. Following this analysis, we may arrive at an estimate
of the average strain undergone by the target. In an expanding thick sphere, the

. 2
radial strain rate at distance r is Er = ng and the hoop strain rate is
. 2 r
&= 3 where V is the radial velocity of the inner wall. Hence the repres-

T

entative strain rate ~2 [2(& — te)] 2 €5 which at the expanding sur-

face becomes 2V/R. The flnal strain rate is zero and hence the average value may
be considered to be V/R which, for V = 80 m/sec and R = 2.38 mm, gives 3.4 x L0%/
sec. This shows that in high speed shot peening the strain rate is of consider-
able importance as steel can triple its yield stress at such high rates.

In low velocity shot peening, i.e. shallow penetration situations, the above
equations do not hold and the problem becomes intractable. However, it may be
justified to ignore inertia effects in such circumstances and a quasi-static type
analytical approach may be employed as follows:-

The equation of motion of a spherical projectile decelerated by an average press-
ure P = 3Y (assumed constant) may be

dv _ 2 -
M3 =- N e e )

where M is the projectile mass = %/VT R3 and a is the contact radius.

The equatlon may be integrated in terms of the penetration (assumed to be small

2 a /2R) to give

Z 2\? VZ%

§=(§)'(f)5) (8)
where Z is the final indentation and V is the initial impact velocity.

The non-dimensional number (Pvz/ﬁ) comes in most impact problems. It gives a
measure of the severity of impact and is sometimes called the "Damage Number".

It may be used to identify dynamic similitudes in shot peening situations in a
similar manner to that used in small scale testing of vehicles under crash
conditions, see Lowe et al (1972) and Johnson (1972). 1In this way, shot peening
of an Aluminium component can be compared with another of steel. Equation ( 8)
is compared with results from dynamic tests on single impact as shown in Fig. 10a.
The target material was mild steel and the projectiles were hard ball bearings
with R = 2.38 mm. The agreement is seen to be encouraging. The value used for

Y is 70 x lO3 psi which is on the low side being at low strain rate and a better

agreement between theory and experiment would be obtained if higher values were
used.

SP - MM



590

Depth of Plastic Zone

Now, by assuming that quasi-static conditions still hold in the range of impact
velocities and thus dynamic indentations which have the same value as those
obtained from static tests produce similar plastic zones, Fig. 7, we combine
equation (8) with equation (1) and get the depth of the plastic zomne as

R 2\ ( pr2) *
2 - 2.57(3)-(/-’——3-—) (9)
which is a most useful relationship for relating shot peening parameters.

Comparison between values of hp obtained from etching steel specimens subjected

to single impact tests with the predictions of this equation are given in Fig.ll(b).
Eqn. (9) is also found to compare well with the experimental results of Meguid et
al (1976) obtained from actual shot peening tests on steel specimens.

This theoretical relationship reveals that the depth of the plastic zone increases
with shot size, density and velocity and decreases with the hardness of the target.

To allow for work hardening effect we may use Meyer Indentation Law, Goodier
(1965) which relates the resisting pressure to the contact radius by

P = ’py (a/)"™ (10)

where n is a constant related to the work hardening exp onent and py is a measure

of the plastic flow stress. The previous equation of projectile motion will then
be modified and the result becomes

- 2

Z [(4+n) ( Vt)]/“n (11

2 = | oA (A 11

R 6x2 R
and the effective depth of the plastic zone will then be

'/lhn
2

e zer[taem) (X7) -

R [ex2™ > )
For a non-hardening material, n = 0 and we get equation (9) again.
Justification of using Meyer's equation (10) for strain hardening contact
problems is given by Halling and Nuri (1975).
To allow for both the strain hardening and rate effects, we propose a Meyer
Indentation Law such that equation (10) has a form, corresponding to
o =BE“ ém,

p = A(a/m" GB/R" (13)

where A (é,,/R)m = Byr the plastic flow pressure at a reference (e.g. quasi-static)

indentation rate Vr and m is a constant related to the strain rate index.
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Solution of equation (7) with p from (13) now gives

B[ e ) ()]
= (s
o yr

which clearly shows that for high speed impacts Vr > V , the indentation and

hence the plastic zone becomes shallower.

For example, for a material with n = m = 0.25, the value of Z will be 0.34 and
0.58 times those corresponding to the case when m = n = 0. There are materials
which, at certain conditions of heat treatment, become only strain rate
sensitive. These are called superplastic materials like Zn-Al alloys, Al-Hassani
et al (1977), which possess a large value of m but with n = 0. It should be most
interesting to examine the shot peening behaviour of superplastic alloys.

In the shot peening industry, the impact velocity of the shot is not measured.
Instead, the R.P.M. of the wheel in a wheel type machine or the air pressure in a
jet type machine are used. In the case of the wheel, it is a simple matter to
relate the peripheral velocity of the shot to the wheel R.P. M. In jet blasting,
a relationship of the type found in fluid mechanics, P, = kv , between the peen-
ing pressure P_ and the downstream velocity of the shogs, V, could well be used.

The constant k depends upon the nozzle dimensions and shot size and density whilst
is an exponent more dependent upon the flow characteristics of the air-stream.
It is expected that values of k and would vary from one system to another, but

it should be a simple exercise to establish a table of values to go with each
machine.

A useful formula for the industrialist may therefore be obtained by substituting

for V in terms of P_ in any of equations (9) to (l4). For example, equation (9)
becomes, p

2 - (%) (3)7F

A typical value for /3 may be £ 0.5 and the equation becomes

- (3) G

which indicates that the peening pressure increases the plastic zone whilst the
hardness, p(. 3Y), tends to decrease it in much the same degree of influence.

Now that we have obtained simple expressions for the depth of the plastic zome,
we are in a position to consider the residual stress distribution in an actual
shot peening operation.

RESIDUAL STRESS DISTRIBUTION

It is now established that under each impact spot there will be a plastic zone
constrained by an elastic field. After rebounce of each shot the plastic zone
interacts with the elastic field resulting in a residual stress distributed
through the depth of the component. The retained plastic zone resembles a nail
pushed into a block of wood. The retaining forces come from the reluctance of
the indented material to be moved within the block and thus engender normal and
tangential frictional forces which keep the nail in position, see Salem et al
(1975).
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As the stream of shots repeatedly and progressively impinges upon the surface,
more and more plastic zones are created until all join up to form an almost uni-
form plastic layer of thickness h_. The local strains produced by each impact
interact with one another to prodtice a final average value over the entire sur~-
face, so that the end state of stress is produced as a result of the integrated
effect of a progressive action rather than an instantaneous action over the en-
tire surface.

There has been a tendency in the shot peening literature, Al-Obeid et al (1981},
to interpret the residual stress in the component as if it were a result of a
stretching action, uniformly and instantaneously distributed over the surface
followed by an elastic unloading action again distributed uniformly over the
entire length of the specimen. Consequently, simple beam and plate bending theor-
ies are then used to explain the general features of the process. In addition to
the neglect of the history of the residual stresses, such a concept relies on a
major assumption that plane sections in the plate remain plane. Due to the very
local nature of the plastic deformation, the last assumption seriously departs
from physical reality. However, such concepts are quite efficient when used in
interpreting arc height variation due to the removal of top surface layers.

In order to circumvent the problem of local plasticity and still use simple
plate bending theory, Flavanot and Nikulari (1977) conceived what they called a
"stress source" to exist in the material so as to balance the bending and axial
stresses which are produced by the whole body of the plate as it tends back to
its original undeformed state. They assumed the function of this stress to be
the same as that of the residual stress engendered in a very thick block, see
Fig. 3(a), so the residual stress distribution in a thin plate, see Fig. 1(a), is
the result of further addition of the bending and axial stresses, i.e.

Ui(Z) = 0O . + O

bending axial

T

% (16)

From experimental evidence, the shape of the residual stress distribution in a
thick target, Fig. l(a), can be represented by a cosine function. By considering
the source stress 0, to be "elastic" they proposed the form g, =-E €(2)

where E is the Young's modulus and

E(2) = g cos (5% ) [l(h)] (17)

when Z is measured from the top surface and the Unit Heavyside function [l(h y=1
for 0 2 & hp and = 0 for Z » h ] is introduced by the present author to 1nd1-
cate that the function is only valld up to Z = hp' This function has a peak at

the top surface and in order to allow for the peak to occur at a distance o h

P

below the surface, see Fig. 1(a), they shifted the curve to obtain,

&£ - g cos X [2(1 _*)h ] (18)
The bending stress at depth Z in_a beam of width b and thickness h subject to a
bending moment M is given by 12M (h - Z) where

bh
h
i - T(2) . (3 - 2). b. dz (19)
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Similarly, the axial stress is given by ﬁ% where
h
F = 07(z) .b. daz (20)
o

Flavenot and Nikulari used E €(2) for ¥ (Z) and integrated (19) and (20) over
0 £2 & hp and then substituted in equation (16) to obtain the residual stress

distribution as

- 2 £¢
02) = E€m [%(/_x)(g_z)c. + 2 (-)Cz = E—;?] , (21)
where A = hp/h (22)
xol . Reol
¢, = 1-2x+ G(-) 5 ¥ 0TS (23)
_ : L
and C, = 1 + sin Frowy) (24)

The value of § 1is obtained by consideration of plane sections remaining plane
in a beam of length L bent into an arc height, § , and expressing the curvature
by M/EI. The expression obtained is

2 ®h$
3 (2.2
XL hp(l-v()Cl

£ =

m (25)

Despite the latter assumption in obtaining equation (25), the agreement between
equation (21) and experimental results was found to be very good. This is, of
course, expected since in the first place one has to use an experimentally
obtained function, viz. dquation (18). The limitations of this analysis lie in
the need for knowledge of hp’ « and § 3 priori. The importance of equatiom (9)

above now becomes clear. By substituting for hp from (9) into equation (22) we

get
k 2.k
A= 2_57.(%). (%)({2_%_) (26)

which makes equation (21) most valuable in predicting the residual stress distri-
bution from knowledge only of the arc height, for situations with « = 0,and shot
density ¢ , velocity V and size R as well as the hardness p. To evaluate all
these parameters we do not require metallurgical inspection.

It is worthwhile to point out that the residual stress is not defined uniquely by
the arc height. A knowledge of h_ is also required, so that one expects a family
of residual stress functions to give the same arc height. This is a startling
aspect as the whole of shot peening practice is based on classifying the intensity
by means of the arc height above.

Spherical Model

A more realistic, although rather rudimentary, analysis may be suggested here.

In order to avoid using the assumption of plane sections remaining plane during
the loading cycle and to allow for future inclusion of statistical summation of
multiple progressively produced indentations, we envisage that the stress field
below each dent may be represented, as suggested earlier, by that commensurate in
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an elastic/plastic medium containing a spherical cavity, see Fig. 10(a). Assuming
that quasi-static conditions hold, i.e. ignoring the term P& in equation (6),
the radial @, and hoop Cg. stress distributions in a thick sphere of outer
radius b with its inner cavity radius R pushed such as to establish a plastic
zone extending to a radial distance r = C is given by

3
o
ZEoaaom & -2y Rgr gC (27a)
Y T 3 b3 = =
Ta
and = 1?" 1
oz oo ol
Y 3003 3
and Cgrghb (27b)
J% 2 C b>
Y © 3 3 G3*D
b T

These equations may be found in any plasticity text and are sketched in Fig. 10(b)
with the plastic zone depth hp defined by C - R.

It is seen that the curve describing 03 , which is the one of interest in our
problem, gives a peak at r = h . This is more realistic than that suggested by

the stress-source method. The special feature of this expression is that it
incorporates both plastic and elastic stresses.

We can transform this distribution into the plate configuration such that all the
spherical plastic zones under the spherical dents join up and resist the bending
and axial forces of the plate as it tends to retain its original unbent shape.

Let b~R=h, r-R=2, Tg=0(z) and C - R = h_, the above distribution
becomes P

3
T(z) h +R [ h,+R 0< z £ h (28a)
> =1-21n(-~9-—-—-z+R)-2 1-(h+R) » S = p
and
3 3
h + R
g(z) _ 2 p 1 h+R .
Y “3'<h+R>'['2'(z+R)+l] y B S ZL R, (250)

Now, if each spot unloads independently as if it were part of a spherical cavity,
a residual stress distribution similar to that found in a spherical shell develops.
This is sketched as 0z, in Fig. 10(c). The expression for UOgg may be found in

texts, e.g. Kachanov (1974) and Johnson and Mellor (1962).

If, on the other hand, the unloading is assumed to take place by a whole plate
action as in the case of equation (16), then by substituting for 0 (2) from
equation (28) into equations (19) and (20) to obtain the retaining M and F and
then use them to elastically unload the elastic/plastic U (Z), we get a modified
expression for Gi(z) as

0(2) = T2) - -%(Pz--z) - (29)
h

with T°(Z) from equations (28a) and (28b),
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5 N EB ER h +R 3
7= hp(-i-+R)-R(h+R)1n<1+R) + 3(h-hp)[ - ( h+R)]
2
1 hE+R [(h+R)(3h+2R) AN (h-h)] + (h- 2R - 4h )
vl A P P P
(30)
and
2 _R h +R3
7= 2R In(l+=*) - —-hp+—( h+R) (3h-R) +—(h +R) | (31)
For h »5 hp and R, equations (30) and (31) simplify to
= s h, o (h +R)>
T = ghph- hR 1n(l + ) - -—-1’-——-—--3h (32)
and 3
f‘ h 4+ R 4 ER (h_+ R)
7 2 Z -3hp+2R In(1 + 39 +—-—P——-———2112 . (33)

With h /R from equation (9), it is possible to obtain a residual stress distri-
butiondirectly from the impact parameters. This is most useful to the designer
of shot peening. However, it is still limited in the sense that the curves ob-
tained have a sharp kink at the transition between elastic and plastic zones due
to neglect of hardening.

By putting CFR(Z) = 0 we can obtain the transition depth between compression and
tension. This analysis does not produce a peak residual stress below the surface.
However, in practice the local spots unload individually and the sphere equations
may still be used to predict a condition of reversed yielding, see Fig. 10(d).
This is more in line with arguments presented in Fig. 4 and does produce a peak
below the surface.

Reversed plasticity condition occurs in thick walled spheres, i.e. b/R > 1.7,
whenever the sphere is unloaded after being loaded by a pressure exceeding the
full plastic limiting pressure. Since in our particular indentation problems we
are dealing with effectively very large b/R, it is possible that in many situat~
ions reversed yielding takes place on unloading.

Aspects of Repeated Loading

When each spot undergoes repeated impact the material in the plastic zone will
pass through the stress and strain curve cyclically. If during each subsequent
impact the material is subject to the combination of residual and contact stresses,
which together may not reach the yield point, the system is said to "shakedown"

to a resultant state of stress which is entirely elastic. If the applied stresses
exceed the 'shakedown limit", cumulative plastic flow will occur. This aspect,

as applied to repeated passage of rollers over an elastic-plastic medium, is
discussed fully by Merwin and Johnson (1963).

Shakedown seems to have much relevance to our problem, particularly when inter-
preting the saturation curves in Fig. 9(a) and of arc height versus time. When
shakedown occurs in a sphere or a cylinder, they behave as if they were hardened
in compression with their first loading. This phenomenon is known as "auto-
frettage", For severe impact conditions, however, the loads exceed the shakedown
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limit and the material of each spot undergoes cyclic plastic straining which can
cause work softening or plastic fatigue. A similar action in practice is found

in the rapid failure of a wire under reversed plastic bending. In shot peening,
exceeding this limit will obviously enhance erosion, Engel (1976).

High frequency repeated impact can give rise to a high local temperature. The
temperature may reach a high enough value that the material tends to soften
and if conditions are favourable the softening rate can predominate over the
effects of the hardening rate. Such work softening may well be taking place in
the layers near the surface; this perhaps explains the reason why the peak
residual stress occurs below the surface.

Another aspect which is also of relevance to our problem is the "Bauschinger
effect'". This is due to the fact that strain hardening is usually directional

in character. As a result of plastic deformation, the material therefore acquir-
es a so-called strain-anisotropy. One of the manifestations of this is the
Bauschinger effect which in fact is that previous plastic deformation decreases
the resistance of the material to subsequent plastic deformation of opposite sign,
Kachanov (1974).

The above aspects have been qualitatively presented. There is much to be desired
in obtaining quantitative models to relate these to shot peening conditions. We
are only just entering the world of mechanics of shot peening!

A final comment is now made on the aspect of saturation time. It is interesting
to note that the equation of motion (7) can give a relation between the kinetic
energy of the projectile and the volume, V, of the indentation. The relation is

1 .2 _ ==
F MV = BV (34)

where V. 2 & a4/4R (35)
The mass flow rate is given by NM where N is the nu§ber of shots per second. The
energy imparted to the target per second is ¥ NM Vo~ Thus, the rate at which
volume of dents created by progressively impacting the surface is
v 2

o

vV = 75

(36)

Therefore, at time t, the volume of material shifted which is a measure of the
increase in the surface area and also an indirect measure of the arc height is

_ M vo2
VvV = (——7_5*—) t (37)

In practice, N, M and V, are constant. Equation (37) indicates that if p does not

change due to multiple impacts, i.e. with time, then V (and consequently the arc
height) will continue to increase linearly with time. However, repeated impact
obviously increases p as manifested in the reduction of increments in Z and hp
with further impacts, Fig. 9(a). The manner in which p increases is naturally
governed by the aspects discussed above, but it is fair to say that, whether due
to strain hardening, strain rate or shakedown, the volume of p tends to increase
further and further and thus the gradient of the line described by equation (37)
will consequently decrease with time producing a curve resembling that of satur-
ation. Equation (37) also shows that a steeper curve, and hence faster saturat-
ion, may be had by high velocity shots and high mass flow rate.
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CONCLUDING REMARKS

The mechanics of shot peening present an exciting challenge to the scientist.
It is a hybrid process involving many disciplines of static and dynamic elast-
icity and plasticity. 1In this paper, special attention is given to aspects of
static and dynamic behaviour of a target impinged upon by a single sphere.
After establishing the thickness of the plastic zone, it is assumed to hold for
the entire body of target when subjected to repeated progressive impingement.
Useful expressions are found from a rudimentary analysis for predicting the
residual stress distribution. The limitations introduced by assuming plane
sections remain plane in conventional analyses are avoided by introducing a new
model of spherical cavity expansion. The resulting expressions relate the eas-
ily measurable impact parameters to the residual stress without having to resort
to metallurgical inspection. An attempt is made to explain the concept of sat-
uration by reference to 'shakedown', "Bauschinger effect", "strain hardening"
and "strain rate'. There is still a huge lack of knowledge. We are only just
entering the area of mechanics of shot peening.
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