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ABSTRACT:
The paper presents the results of numerical calculations, with the finite element method in the ABAQUS program environment, of the vibratory shot peening process with
loose peening elements. The behaviour of shot peening elements was analysed in the
kinematic aspect. The impact of the initial deployment of vibratory shot peening elements on their behaviour during processing was investigated, including the displacement, velocity, acceleration and the number of collisions. The way of determining the
effectiveness of the processing with the vibratory shot peening was illustrated.
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INTRODUCTION
Shot peening means to exert deformations in
the surface layer of the workpiece as a result of
intense hitting with the peening elements with
some kinetic energy. This treatment leads to the
improvement of the selected properties of the
surface layer of metal workpieces by cold work,
which positively affects the performance characteristics of these items, mainly the fatigue strength
and surface roughness [3, 10, 11]. The finishing
treatment also affects the energetic properties of
the surface layer [12]. The deformation is also accompanied by the continuation of compressive
stresses in the surface layer, the value of which
depends on the technological parameters of shot
peening, such as the size and weight of the peening elements used, the frequency of the reciprocal
progressive movement of the machining chamber, the amplitude of chamber vibrations and
the time of shot peening of the machined parts
[16, 18]. Studies with the positron annihilation
method confirmed that the increase of compressive residual stress is associated with an increase
in vacancy clusters, as shown in [19]. The metal
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bearing beads are used as peening elements in the
vibratory treatment, usually with the diameters
from 2 to 10 mm. The frequency of the vibratory
movements usually is selected from the range of
20 ÷ 30 Hz and depends on the structure of the
device itself. The kinetic energy of the peening
component depends on the amplitude, and thus
also the size of prints formed on the surface of the
workpiece [4, 18].
In numerous scientific papers, attempts of the
numerical simulation of the shot peening process
were undertaken. Majzoobi et al. [13] in the article conducted a three-dimensional simulation
of shot peening with the finite element method
(FEM) in the LS-DYNA program using the hemisphere models sequentially hitting the surface of
the workpiece. The authors adopted the impact
speed from 50 to 100 m/s and a varying exposure
of the tested areas at 4, 6, 8, 9, 13 and 25 consecutive impacts. The stresses developed in the surface
layer of the peened samples were studied. In the
scientific work, Ciampini et al. [6] performed a
numerical simulation of shot peening of the thinwalled sample used for Almen tests. The authors,
using the LS-DYNA program, conducted a simu-
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lation of multiple hits with a single bead with a diameter of 6.305 mm into a disk of the aluminium
alloy AA3003-O with a diameter of 10 mm and
thickness of 0.617 mm. The compressive stresses
were studied in the surface layer of the disc after
hitting with a bullet at a speed from 0.01 to 0.40
m/s. In the article, Bagherifard et al. [1] developed a numerical model allowing the prediction
of micro structural changes in the surface layer of
steel 39NiCrMo3 due to shot peening. Using the
computer program Abaqus/Explicit the influence
of shot peening of a cubic sample measuring 3
mm x 3 mm x 1.5 mm was studied with a single
bullet and a stream of bullets with a diameter of
0.6 mm. Compressive stresses were examined in
the nodes located under the treated surface of the
sample, as well as the resulting plastic deformations in the form of movements of the nodes.
Also other research from recent years [8, 14,
20], presents the results of the numerical FEM
simulations of shot peening, including vibratory shot peening. In these works, the authors
have focused primarily on the results obtained
after shot peening, such as plastic deformations
of workpieces, the theoretical amount of surface
roughness after the strike with a strong of beads
and residual stresses in the surface layer, without
conducting the kinematic and dynamic analysis
of the peening elements.
Literature in the field of FEM modelling
contains numerous examples of metal elements
subjected to the process of strengthening through
deformation and cold work [2, 7, 15, 17]. These
works, among others, studied the stresses in the
surface layer and deformations caused by the dynamic deformation of thin-walled structures.
There is a lack of scientific works, which
would describe the kinematics of the shot peening
process, that is the behaviour of peening elements
in the machining area, their mutual interaction
and movement of these elements. This publication aims to determine the values of displacement,
velocity and acceleration of peening elements in
the process of vibratory shot peening with the finite element method using the environment of the
computer program Abaqus/Explicit.

THEORETICAL INFORMATION
Kinematics of the vibratory chamber can
be compared to the movement of the piston in
the combustion engine (Fig. 1). The displace-

ment of any point of the vibratory chamber
driven by the drive shaft can be written by the
following equation [9]:
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where: r – eccentricity,
λ – the ratio of eccentricity to the crank
length,
α – the angle included between the symmetry axis of the vibration chamber and
the temporary location of eccentricity on
the periphery of the drive shaft.
The initial speed of peening elements placed
at the bottom of the vibratory chamber is equal
to the speed of the chamber at the initial moment
after start-up, when the machine moves vertically
up, to the moment of maximum deflection. The
speed is the first derivative of displacement over
time, which can be written as [9]:
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The equation of the angular velocity of the
shaft driving the vibratory chamber can be expressed as follows:

  2   f

(3)

where: f – frequency of the eccentric movement
on the circle.
The final formula for the speed of the vibratory chamber, also describing the initial velocity of
the peening elements when the chamber is moving up can be described as [9]:
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The electric motor, driving the eccentric shaft,
provides a constant speed, which allows the calculation of the vibratory chamber acceleration as
the first derivative of speed over time [9]:

dv
 r 2 
dt
 cos     cos 2 
a

(5)

The equation expressing the second law of
dynamics for the case of linear motion can be
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Fig. 1. Diagram of the drive system of the vibratory chamber: 1 – vibratory chamber, 2 – peening elements,
3 – slider, 4 – guide bearing, 5 – crank, 6 – eccentric, 7 – drive shaft

used for calculating the inertia forces of the vibratory chamber with the peening elements:
i n

Pb  mw  a   mi  a

(6)

i 1

where: mw – vibrator’s mass,
a – vibrator’s acceleration,
mi – mass of a single peening element.

The equation of the inertia force (6) is only
true in the initial stage of the vibratory chamber
movement with the peening elements. The entire
system can be briefly seen as one concentrated
mass moving at a constant speed and a uniform
acceleration. With the return movement of the vibratory chamber, the acceleration of the chamber
and the acceleration of individual peening elements should be distinguished. Conducting analytical calculations in this field requires specialised knowledge and experience. It is much easier
to carry out a kinematic analysis with a finite element method, which allows to obtain a satisfactory accuracy of the calculation results.
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DESCRIPTION OF THE RESEARCH
The numerical calculations were conducted
in the Abaqus 6.13 program. A prerequisite to
conduct numerical calculations was the definition of material properties of at least one element
in the system. It was assumed that the top cover
and the bottom of the vibratory chamber are the
metal plates with the thickness of 5 mm, which
were given the elastic properties. Moreover, it
was assumed that the peening elements in the
form of spheres and the vibrator’s chamber are
non-deformable, so they were given the characteristics of rigid bodies. For all elements of the
system the hexagonal division grid was used with
the finite side length of 0.5 mm for a bullet, 10
mm for walls, the bottom and the top plate, with
the C3D8R type of elements. At the bottom of the
vibratory chamber with working dimensions of
the base 50×50 mm and the height 48 mm, 144
bullets have been uniformly distributed, with the
diameter of 4 mm and the mass of 0.0011 kg each.
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The reciprocating movement with the frequency
of 25 Hz and the amplitude of 20 mm was forced
on the vibratory chamber. The duration of the
simulation was one second with the sampling rate
of 2500 measures per second.
Twelve measurement points were selected for
the kinematic analysis of the vibratory shot peening process in the form of nodes on the grid of
finite elements of the selected beads and one point
on the chamber’s bottom (Fig. 2a).
Firstly, the displacement was analysed, and
then the velocity and acceleration towards the
movement of the node placed at the bottom of
the vibratory chamber. The data provided a reference point for the results obtained from the beads
nodes in the centre of the set (1, 2, 3, 4), in the
point most distant from the centre of the set, that
is at the corners ( I, II, III, IV) and in the area
of the half the width of the panel (A, B, C, D).
Visualisations of the initial position of the peening elements and their location in the final time of
simulation are shown in figures 2b and 2c.

DISCUSSION OF THE RESULTS
The analysis of the displacement of peening
elements and the vibratory chamber was made
through the reading of the individual displacements of the nodes of the finite element grid.
These nodes were selected for the analysis so as
to represent the movement of the given object in
the direction related to the movement of the vibratory chamber.
Taking into account the diameter of the bullet and the maximum range of the motion of the
bottom plate and the upper vibratory chamber
(based on the displacement amplitude) some

boundaries were set, within which there was a
collision of peening elements with the upper or
lower part of the chamber. The width of the range,
in which the collision could take place, is 20 mm
both for the lower and the upper compartment
(Fig. 3–5). For the lower interval, the minimum
level was -10 mm, and the maximum level was
10 mm. Taking into account the diameter of the
bullet and using the appropriate transformations
of the output data from the Abaqus program it
was found that the minimum value for the upper
limit was 34 mm, while the maximum limit was
54 mm. Peaks on the graph, which were within
those limits, indicate the occurrence of effective
collisions of peening elements with the bottom
plate or the plate of the vibratory chamber, for
which the workpieces can be mounted. Then the
measuring points are outside the aforementioned
ranges, it means that the mutual collisions took
place between the peening elements during the
vibratory chamber movement, which is considered as ineffective collisions during vibratory
shot peening.
The effectiveness of treatment with vibratory shot peening can be expressed as a sum of
the number of collisions of peening elements with
the lower and upper part of the chamber to a total
of twice the frequency of the movement of the
vibratory chamber:

E

Z ef
2  fw

 100%

(7)

where: Zef – the number of effective collisions,
which is the sum of the collisions of the
peening element with the bottom and top
part of the vibratory chamber,
fw– the frequency of the vibratory chamber movement.

Fig. 2. Machining system – a metal plate and peening beads: a) measurement points, b) a view of peening elements in the initial moment, c) a view of peening elements in the final moment
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Fig. 3. The displacement of peening elements arranged at the corners at the bottom of the vibratory chamber, as
well as the displacement of the vibratory chamber in the time function

Fig. 4. The displacement of the peening elements distributed on the bottom of the vibratory chamber in the
middle of the plate’s width, as well as the displacement of the vibratory chamber in the time function

The average number of effective collisions
in one second of the FEM simulation was about
18 collisions, which at a frequency of processing
amounting to 25 Hz gives the burnishing efficiency at the level of 36%. The smallest number of
effective collisions was noted for the bullets in the
middle of the bottom of the vibratory chamber,
which can be explained by the formation of a conglomeration of peening elements during processing. The target result is the efficiency of collisions
amounting to 100%.
The speed of peening elements was determined similarly to the case of shift analyses. The
speed was obtained as a derivative of the road Δx
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travelled by the peening element in time Δt. The
absolute velocity of the vibratory chamber was
1000 mm/s. Indications in the form of peaks in
figures 6–8 concern the speed obtained by individual peening elements. The maximum absolute
speed obtained for the bead was close to 5000
mm/s. Such an element has enough power to
exert elastic-plastic deformations of the surface
layer of the workpiece [18].
The periodic increase of peening elements
can be observed, and then a period of blanking
the speed. The maximum speed, for the absolute
value, is formed after the effective collisions of
peening elements with the bottom or top part of

Advances in Science and Technology Research Journal Vol. 11 (4), 2017

Fig. 5. The displacement of the peening elements distributed in the middle of the bottom of the vibratory chamber, as well as the displacement of the vibratory chamber in the time function

the vibratory chamber, while the minimum speed
is strictly related to the collisions of peening elements with each other, when the blanking of
their speed occurs. Then, the peening elements
fall under gravity to the bottom of the vibratory
chamber, which accelerates them to the maximum speed. Then, the entire cycle of vibratory
shot peening is repeated.
Acceleration measurements of peening elements were performed as in the case of the movement and speed analysis. Acceleration was obtained as the derivative of Δv speed of the peen-

ing elements in time Δt. Diagrams of speed and
movement are very close to each other in terms of
shape and periodicity of the occurrence of certain
phenomena of a mechanical nature (Fig. 10 – 12).
The maximum acceleration recorded was
over 20 000 000 mm/s2, which is approximately
a value ten times less than the acceleration of a
projectile fired from a firearm [5].
At the initial moment of the collision of the
selected peening element with the bottom of the
vibratory chamber this element is accelerated.
Then, the acceleration of the bead changes by

Fig. 6. The speed of peening elements distributed in the corners at the bottom of the vibratory chamber, as well
as the speed of the vibratory chamber in the time function
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Fig. 7. The speed of peening elements distributed on the bottom of the vibratory chamber in the middle of the
plate’s width, as well as the speed of the vibratory chamber in the time function

Fig. 8. The speed of peening elements distributed in the middle of the bottom of the vibratory chamber, as well
as the speed of the vibratory function in the time function

the delay value due to colliding with other beads
taking part in the vibratory shot peening treatment process.

CONCLUSIONS
The numerical analysis with the finite element
method makes it possible to carry out complex
research on the kinematics of the shot peening.
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The only limitation is the computing power of the
workstation, which is necessary to resolve the issue with the required accuracy. Introducing some
necessary simplifications and generalizations
to the numerical model of shot peening, several
conclusions can be made concerning the obtained
research results.
On the basis of data from numerical analyses,
it has been observed that the effectiveness of shot
peening is approximately 40%, assuming that the
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Fig. 9. Acceleration of peening elements distributed in the corners on the bottom of the vibratory chamber, as
well as the acceleration of the vibratory chamber in the time function

Fig. 10. Acceleration of peening elements distributed on the bottom of the vibratory chamber in the middle of the
plate’s width, as well as the acceleration of the vibratory chamber in the time function

chamber is filled with one layer of peening elements with a diameter of 4 mm.
The displacement and maximum speed of
peening elements are largely dependent on the
area in which these elements are located. Due
to the observed tendency to the formation of agglomerations of bullets in the central area of the
vibratory chamber during processing, a slight-

ly lower effectiveness of burnishing has been
noted in this area to, for example, areas in the
corners of the chamber.
Analysing the spectra of the velocity and
acceleration of the peening elements it can be
concluded that the vibratory processing with
shot penning is periodic in nature, where there
are moments of intense interaction of the peen267
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Fig. 11. Acceleration of peening elements distributed in the middle of the bottom of the vibratory chamber, as
well as the acceleration of vibratory chamber in the time function

ing elements, and the periods during which the
reduction of burnishing efficiency occurs. At the
frequency of 25 Hz of chamber movement per
second two periods of increasing the intensity of
shot peening were observed.
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