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THREE-DIMENSIONAL DYNAMIC FINITE ELEMENT 
ANALYSIS FOR SHOT-PEENING MECHANICS 

Y. F.  AL-OBAID 
Faculty of Technological Studies, PAAET, P.O. Box 42325, 70654 Shuwaikh, Kuwait 

Abstract-A step-by-step dynamic finite element analysis is presented in which a provision is made for 
a three-dimensional isoparametric element existing in the target metal plate. On the basis of this analysis, 
the computer program OBAID has been modified for dynamic loading due to impinging shot. The target 
material is considered to be elastoplastic and the analysis allows for strain and work hardening. The 
problem is envisaged to embrace a process of multiple indentations which cover the surface of the target 
progressively, thus allowing for shakedown of each spot due to repeated impact and also saturation due 
to complete surface coverage. 

Shot-peening is a cold-working method that involves 
pelting the surface of a metal part with round metallic 
or glass shot thrown at a relatively high velocity 
( 2  100 mlsec). 

Each shot acts as a tiny peen-hammer, making a 
small dent in the surface of the metal and stretching 
the surface rapidly as it hits. The impact of the shot 
causes plastic deformation which results in changes in 
the mechanical properties of the surface material. In 
other words, shot-peening can produce a substantial 
increase in surface hardness of a component as well 
as produce favourable residual stresses to  increase 
fatigue life considerably. The general form of residual 
stress in a typical shot-peening operation is shown in 
Fig. 1. 

The variety of items that are shot-peened is impres- 
sive; gears of all types and sizes, shafts with circlip 
grooves, bearing surfaces with section changes, steam 
and gas turbine parts, aircraft undercarriage parts, 
helicopter propeller drives and blades, compressor 
and high performance engine parts-pistons, crank 
shafts, connecting rods, valves and blocks. Probably 
the most exotic application of shot-peening is peen- 
forming. If you shot-peen one side of a sheet of metal 
the stretching of the peened surface causes the sheet 
to develop a spherical curvature, convex on the 
Peened side. By exercising rigid controls in this 
Process, the panels that cover the wings of most of the 
larger aircraft can be peened to exact aerodynamic 
Profiles. 

There are many parameters involved in shot- 
Peening which must be accurately controlled and 
regulated in order to produce a compressively 
Stressed surface layer in which the amount of  stress, 
'he uniformity of the stress, and the depth of the layer 
can  be held constant from piece to piece. These par- 
ameters are the type and size of shot, angle of  impact, 
h e  of exposure and [he extent of surface coverage. 

Although the process of shot-peening is well 
developed and is in successful daily use, the science is 
just beginning to be understood and the theory still 
represents a controversial field. This is due to the 
complexity of the process, which still requires further 
study and research. This paper attempts to present 
a theoretical model using a three-dimensional iso- 
parametric finite element; as will be seen, it surpris- 
ingly agrees reasonably well with other models [l-31. 

THREE-DIMENSIONAL FINITE ELEMENT hlESH 
GENERATION 

The finite element mesh for the target plate is 
shown in Fig. 2. In order to produce accurate residual 
stresses, it has been decided to divide the thickness 
of the target steel plate into nine layers (in the 
Y-direction). The plate thickness below the neutral 
axis is divided into two equal layers each of 0.0079 m. 
Immediately above the neutral axis, the thickness of 
the first layer is 0.00397 m. Above this layer there are 
six equal layers each of 0.00198 m thickness. A 
flexibility exists for various plane meshes of variable 
dimensions. A quarter of the actual size of the target 
plate is chosen for the shot-peening analysis based on 
the finite element technique. Hence a mesh contains 
81 elements of the 20-noded isoparametric shapes, as 
shown in Fig. 3. The numbering scheme adopting is 
based on a right hand rule. Each element is numbered 
together with eight specific Gauss points (2 x 2 x 2) 
in the manner shown in Fig. 4. The position of each 
Gauss point within each element is indicated in Fig. 
5. 

I\IPACT LOAD CRITERIA 

An attempt has been made to study the mechanics 
of a single shot indentation due to both static and 
dynamic loading using the theoretical model and the 
computer program OBAID [4]. The shot is assumed 



Thick ( ( 

Low vetocity T T 
High velocity I' 

7. 7. 

( b )  ( c ) 
Fig. 1. Typical residual stress distribution in shot-peening operation. 

Fig. 2. Plate size. (a) Enlarged by scale 1 : 7 .  Note: the dimensions of the mesh have not been enlaiged 
proportionally; the size of  the mesh provided is enlarged to the sizes shown. (b) Shaded area is a quarter , 

of the target plate. ,,I ) i 
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t- 0.04445 m 

Fig. 3. True dimensions of mesh containing 81 elements; elements are numbered as shown. 

" i d  and undeformable while the target material 
indentations. Low and high velocity ranges 

have been considered together with the contact time. 
n e  shot velocity ranges come from the data available 
from a series of tests carried out by the author. These 
have been simulated in order to process specific 
results. 

It is essential to enlarge upon the basic criterion, 
The rigid steel shot is assumed to strike, with a 
gradually increasing load, on the steel target plate. 
This increasing load is imposed on each surface 
:lement, one at  a time. The patch load in effect acts, 
iuring loading and unloading, on each surface 
4ement, exciting all the other elements through the 
-0nnectivity model which links all the elements 
ogether. The second !ozding is then applied on ihe 
djacent surface element, but this time all the residual 
~splacements and residual stresses from the previous 
npact are allowed for. Therefore, the response of the 
irget will be different. By storing and updating the 
:ate of the target the cumulative result is then plotted 
1 a three-dimensional space. The process is repeated 
ntil the whole surface is covered more than once, so 
lat each spot is loaded several times, the number of 
mes depending upon the duration of the process. 

STEP-BY-STEP FINITE ELEMENT ANALYSIS 

Apply a load increment, {AF, , ) ,  where n is the load 
increment. 

Fig. 4. Element numbering and Gauss points. 

Accumulate total load { F , }  = IF,- ,) f {AF,)  and 
{ R }  = {F,  j, where { R j  is the residual load vector. 
Solve { A u i )  = [ K J - ' { R ) ,  where i is the iteration. 
Accumulate total displacements 

5. Calculate strain increments as 

and strains as 

6. The stress increments are calculated using the 
current non-linear constitutive matrices. For  steel 
target plate elastoplastic relations are expressed in 
the general form 

Accumulate stresses as 

ISP = stress point 
= O-elastic point 
= I-plastic point 
= 2-unloading from plastic state 

ay = uniaxial yield stress. 

6.1. Firstly, the stress increment is calculated using 
the elastic material matrix as { A a i )  = [D]: { A c } ,  
where [D]: is the elastic material matrix for steel 
target plate. First estimate of total stress: 

6.2. Calculate 
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Fig. 5. Positioning of Gauss points within the element. 

using von Mises yield criterion or another yield 6.5. Plastic point in the previous iteration, check ' 

criterion. for unloading, i.e. a 2 a> (set Fig. 6); go to step 
6.3. If plastic point (i.e. ISP = I), go to step 6.5. 6.6.  Unloading at  this point, set ISP  = 2, total 
6.4. If B  2 a,-plastic point ( I S P  = I), transition stress. 

from elastic to plastic, calculate factor fTR.  

Stress at yield surface 
{ay} = { B , -  11; 

= (01- I }  + ~ T R  {Aat). 
go to step 6.8. 

Calculate elasto-plastic stress increment 6.6. Loading at this point 

Total stress Total stress 

Set ISP = I ;  go to 6.7. Let [Dq be the stiffness matrix of an element 
If ti < a,.--elastic point, a,  = a:; go to step 6.8. in the global direction at the beginning of Ihe  
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Fig. 6. (a) Equivalent stress-strain curve for steel plate. (b) Yield surface in the principal stress axes. 

increment of the nth iteration within the incre- 
ment; then 

where {Aa") ,  and {Ac,), are the resulting 
stresses and strains of the element in this 
iteration. The total stresses at  the end of the 
iteration in this element are given by 

{Aa. );,: = {on - 1 ;,, + @an ),,c. 
where { G  ,,-, ) ,,!, is the total balanced stress at  
the previous (n - 1)th iteration. Let the principal 
stresses corresponding to global total stress be 
{a,, I:, i.e. 

where 

s = sine and c = cosine. 
From the constitutive relations in the princi- 

pal direction the stresses are given by 

The unbalanced stresses in the principal direc- 
tion are given by 

and unbalanced stresses in global direction (x) 
are found as 

These unbalanced stresses in the global direction 
are treated as initial stresses and are subtracted 



from the total stresses {a,}: to obtain balanced 
stresses as 

To maintain equilibrium, the equivalent bal- 
anced nodal forces are calculated as 

and these forces are applied to the material 
surrounding the target. Having determined the 
incremental initial stresses at  the integration 
points, the computation of incremental initial 
loads, and the iterative procedure of the result- 
ing set of equations, is carried out in the manner 
explained above. To evaluate stresses and strains 
at the Gaussian integration points throughout 
the whole target an eight-point integration poin~ 
mesh for isoparametric solid elements is 
adopted. 
Stresses calculated using the elastoplastic 
material matrix do not drift from the vield 
surface, as  shown in Fig. 6. The following 
correction is taken into consideration, based on 
the equivalent stress-strain curve: 

zcom = 5, -  1 + H ACp, 

where 

A<, = J ( f ~ t ;  A € $ )  = ; a T d  

=equivalent plastic strain increment. 
H i s  the strain hardening parameter, such that 

Ai, = 2. Equivalent stress is calculated from the 
current stress state 

Qcor, factor = - . 
a 

Therefore the correct stress on the yield 
surface is 

(ai) = factor x {a i ) .  

6.8. End. 
7. The total stresses are converted into equivalent 

internal loads from 

and the residual load vector is calculated from 

{ R }  = { F m }  - [B]'{u,} d vol. 6. 

8. Check for convergence. Two types of conye,. 
gence criteria are used. They are the residual and 
the displacement convergence. The Euclidean 
norms are tested as 

where 

is the Euclidean norm of the residuals; 

is the Euclidean norm of the externally applied 
load: 

is the Euclidean norm of the incremental dis- 
placement; 

is the Euclidean norm of the total displacementr 
and the tolerance limit for impact is taken ar 
0.01. 

If convergence is not achieved, go to step 3 
and repeat a!! the s!eps fnr the next i!e:atim 5' 
the convergence is achieved, then go to step 1 
and repeat the process with the next load incre- 
ment. 

THE PLOTTING OF RESULTS 

At points of elastic unloading for normal residd 
stress, each Gauss point has three components: X, I' 
and Z. Some of these components are negative and 
some are positive. If this sign convention is adopted 
when plotting in the X-direction, for example, a 
positive sign would indicate a reading to the right d 
the Gauss point, and a negative sign would indicae 
the opposite direction, to the left of the Gauss poinL 
Similarly, a positive sign in the Z-direction would 
indicate a reading above the Gauss point, and 8 

negative sign would indicate a reading below * 
Gauss point. All points have been for * 
X-Y, X-Z and Y-Z planes (see Figs 3 and 7)- * 
mesh contains 81 elements and 544 node points. 

DISCUSSION ON THE ANALYSIS AND R E s U L ~ ~  

Throughout the analysis, the plastic strain inm 
merit is always assumed to be normal to the plastic id 
potential. The plastic material matrix is detenn - 
SO as to define the stress increment in the 
region. Since it is necessary to satisfy the yidd , I 
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Fig. 7. Three-dimensional mesh for target plate. 

unction, it is assumed that the stress must lie on 
he yield surface, such that the strain hardening 
mction depends on the p!astic defernation. As 
lentioned earlier, a t  any stage of the impact 
)ads produced by shots, these loads are auto- 
:atically compared with the internal loads due 
1 total stress. The difference between the two 

loads is taken as a set of residual loads and the 
stresses caused can be interpreted as a measure of any 
lack of equiiibrium. i n  order to maintain this equi- 
librium the residual loads applied and various 
parameters are computed. This process is repeated 
until the residual loads are sufficiently small for 
convergence ($61. 

Fig. 8. Increment 2. Residual stresses. Section A-B. 
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Fig. 9. Increment 2. Residual stresses. Section BC. 

All results have been plotted in three d~menslons 
for three increments of loading from the output The 
graphs plotted are the results of residual stresses, the) 
show a three-dimensional mesh and three planes. 
namely the X-Y plane, the X-Z plane and Y-Z 
plane, are indicated on them. All graphs are along the 
thickness of the layers viewed in the Y-Z plane 

For  the same mesh gradlng system under Increment 
2 both static and dynamic residuai siroscs b ~ e w e d  in 

the Y-Z plane are plotted (Figs 8 and 9) The 
magnitudes and positions of such stresses vary In 
both cases. Similarly, under increment 3 the restdual 

stresses are plotted viewed first in the Y-Z plane 
(Figs 10 and l I). In the case of increment 3 much 
higher residual stresses are predicted. For comparison 
the residual stresses for the increment viewed in the 
X- Y plane are also drawn. 

Such information is better visualized in the form of 
a distribution at  the central plane through the thick- 
ness, as shown in Fig. 12. For comparison, the 
distiibiitioii as predicted from =the: mde!s [!-?I k 
also shown. 

I t  is concluded that the real plot of three- 
dimensional residual stresses can be plotted on the 

Fig. 10. Increment 3. Residual  stresses. Section A-B. 
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Fig. I I .  Increment 3. Residual stresses. Section B-C. 

.g. 12. Residual stress distribution in X-Y central plane 
rough the thickness. Finite element, various velocities, 

shot size 0.7 mm diameter. 

ree-dimensional mesh as when viewed in specific 
anes they would, in general, form a distribution 
'me of a cosine function. 

CONCLUSIONS 

three-dimensional dynamic finite element analy- 
has been carried out to take into consideration 

.stoplasticity. The solution procedures include an 
~Iicit  version of direct integration with uniform 

acceleration and quick convergence associated with 
the initial stress approach. The steel target plate has 
been discretised into a series of solid isoparametric 
elements having nine layers within the plate thickness. 
The residual stress distributions obtained from finite 
element analysis are in a good agreement with those 
obtained by others (1-31. 
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