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Abstract
The vibration and noise amplitude levels at resonance frequency depends on the amount of damping present
in the component. In this work, damping enhancement is achieved through a cold working process like
shot peening. The residual stress measurements—using X-ray diffraction technique—and vibro-acoustic
property measurements of a sheet metal plate is carried out in the original condition. The residual stress
measurements are repeated on the plate after subjecting it to shot peening and found considerable increase in
the stress levels in both longitudinal and transverse directions. The experimental modal testing of the plate
confirmed the increase in the damping values of the system. The sound pressure levels of the shot-peened
plate have reduced significantly. A brief simulation study of shot peening using ABAQUS is carried out to
establish a transfer function between residual stress and shot peening process parameters. Further, attempts
will be made to understand the relationship between residual stresses and damping in the system.

1 Introduction

In the automotive industry, steel material is widely used in the form of sheet metal components that are
often manufactured through single stage or multi stage deep drawing process. The enhancement of structural
worthiness without/with a minimum weight addition is highly desirable due to stringent regulatory needs
related to mass-emission reductions and fuel-economy improvements. It is a common practice in the industry
to increase the performance characteristics of the sheet metal components through either heat treatment
processes such as annealing, induction hardening etc., or through cold working process such as shot peening.
Cold working is used to increase the strength, especially in highly alloyed austenitic stainless steel [1]. The
shot peening process affects the surface of the component and is often used to increase the hardness, fatigue
strength of the material. In shot peening process, small spherical balls are impacted on the surface of the
base metallic structure to induce residual compressive stresses [2, 3, 4]. The shot peened components can
be subjected to higher operating stresses when compared to non-treated components, due to the presence of
compressive stresses. This phenomenon will increase the fatigue life of the components significantly. By
inducing residual compressive stress the inherent damping of the component may be increased. The damping
factor may vary with the shot peening conditions and the depth of the material [5, 6]. However, the study
of how such shot peening induced damping affects the noise and vibration characteristics of a component
has not been widely studied. The residual compressive stress induced of the surface depends on a number of
different parameters such as the shot intensity, shot coverage, angle, quality of shot etc. The damping induced
in the material is characterized as damping ratio and it can be obtained either by the half-power bandwidth
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method or experimental modal testing. The work presented in this paper explores how shot peening process
of a plate affect the vibro-acoustic behaviour of the plate.

2 Component description

The vibro-acoustic performance variation of deep drawn components can be attributed to geometric profile
and thickness deviations that occur during the manufacturing process. However, it is shown that these two
factors can not explain the complete difference. The work hardening effects and variation of elastic modulus
in the local regions also contribute to the total variation [7, 8]. It is also envisaged that residual stresses of the
component play a key role in controlling the amplitude levels. Hence in the present work, four rectangular
plates—two plates in the rolling direction and two plates in the transverse direction—are obtained from the
blank sheet coil. The length, width and thickness of the plate considered are 300 mm, 50 mm and 1.5 mm
respectively as shown in Figure 1. The two steel plates cut along the rolling radius of the steel roll are
named R1 and R2 and the two steel plate cut perpendicular to the rolling radius of the steel roll are named
T1 and T2. The thickness measurements of all these four plates are performed at 21 locations to ensure the
consistency. The flatness measurements are carried out using a dial-guage in order to find out any geometrical
profile deviation. The maximum variation found through these flatness measurements is approximately 10
microns. Hence, it can be stated that both the geometric profile and thickness variations of the four plates
are negligible.

Figure 1: Top and front views of the rectangular plate (All dimensions are in mm).

3 Shot peening process

Shot peening process is commonly used surface treatment process to enhance the mechanical characteristics
of metal components. The process uses high compressed gas along with spherical shots made from glass or
metal beads. The size of the beads, angle of attack, duration, shot material properties and the velocity may be
varied to induce required residual stress on the surface. The shot peening process changes the material phase
of the base component from austenite to martensite. The percentage of retained austenite decreases with
the increase in shot peening intensity. This process causes martensite formation and hence base component
hardness increases. The reader is suggested to the reference [9] for a more detailed information regarding
shot peening process. The shot peening intensity levels are measured using Almen scale. In the present
study, the component is subjected to shot peening on both sides with an Almen intensity of 0.19 mm A.
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4 Residual stress

4.1 Measurement set-up

The residual stress measurement is carried out using X-ray diffraction technique. In this method, residual
stress are determined from the distance between crystallographic planes, i.e., d-spacing, as a strain gauge.
The d-spacing of the material increases when material is in tension and decreases when material is under
compression. The corresponding strains due to d-spacing changes can be related to stresses induced in the
component. The reader is suggested to refer to [10] for a more detailed explanation of X-ray diffraction
technique method to measure residual stresses. The shot peening intensity is measured using Almen scale.

The residual stress measurement set-up is shown in Figure 2. The residual stresses of all the plates are mea-
sured at three different locations. These points, as indicated in red boxed points of Figure 3, are represented
as point-3, point-10 and point-20. The stresses in longitudinal (along Z direction) and transverse (along Y
direction) are measured.

Figure 2: Measurement set-up used to determine the residual stress using X-ray diffraction technique.

Figure 3: Measurement points of residual stresses (shown in triangles) and modal testing (shown in circles).

4.2 Stress measurement results—before and after shot peening

The residual stress measurements on the the blank sheet metal plates—that are obtained from transverse (T1
& T2) and rolling directions (R1 & R2) of the blank coil—are carried out after subjecting them to the shot
peening process in order to find out the magnitude of induced stress levels. The shot peening operation is
done with an Almen intensity of 0.19 mm A. Table 1 compares the change in residual stress at point 3 ,
10 and 20 in both Y and Z directions. The comparison of residual stresses at point-10 of plates R2, T2 are
shown in Figure 4. The stress values can not be measured exactly and hence some tolerance either on lower
or higher side of the measured value is denoted. The accuracy of the stress measurement increases at higher
stress values and hence the tolerance is reduced. However in the current measurement campaign, good care is
taken to ensure a lower tolerance stress values. Results show two significant changes to the plates due to the
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Figure 4: Comparison of residual stresses before and after shot peening at point-10 a) plates-R2 b) Plate- P2
respectively.

shot peening operation: i) There is considerable increase in compressive stresses in the plates ii) It induced
uniform stresses in all the components in both longitudinal and transverse directions. Hence, the plates are
more likely to exhibit a similar dynamic behaviour. The uniform stress field across the component helps in
improving its dynamic behaviour. As there are no local stress concentrations due to secondary operations,
it helps in increasing fatigue life of the component. The manufacturing process like deep drawing process
often imparts some localized effects in the components and hence local damping can vary greatly. The shot
peening operation can negate such adverse effects.

Plate Point
Stress (MPa)

Before shot peening After shot peening
Y direction Z Direction Y direction Z Direction

P1
3 -98.5 ± 7.8 -44.6 ±9.5 -299.1 ±3.1 -313.1 ±7.2

10 -53.9 ±9.9 -23.8 ±5.9 -292.0 ±2.6 -282.0 ±2.9
20 -94.6 ±13.0 -50.3 ±17.1 -313.1 ±7.2 -287.8 ±3.1

R1
3 -56.1 ±12.7 -58.7 ±10.9 -290.2 ±4.7 -293.8 ±8.3

10 -48.2 ±6.8 -18.8 ±7.5 -287.7 ±4.2 -287.7 ±4.2
20 -55.7 ±11.7 -27.4 ±11.4 -254.1 ±14.0 -282.2 ±4.2

Table 1: Comparison of compressive residual stresses of P1 & R1 plates before and after shot peening pro-
cess.

5 Experimental vibro-acoustic behaviour characterization

5.1 Measurement set-up

The natural frequencies of all the four plates R1, R2, T1, and T2 are obtained by performing an experimental
modal testing in free-free boundary condition. The experimental test set-up is shown in Figure 5. The plate
is suspended using soft springs from a rigid frame. A tri-axial accelerometer (PCB-356A08) is attached to
the plate as shown in figure and a modal impact hammer (Onosokki-GK 3100) is used to excite the steel
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plate. The plate test geometry consists of 21 points as shown in Figure 3. The points are placed 12.5 mm
apart along the width and 37.5 mm apart along the length of the plate. The response points are chosen such
that spacial aliasing effects are avoided in the frequency range of 0-1500 Hz. A sampling frequency of 1024
Hz and a 0.5 Hz frequency resolution is used to acquire vibration data. The windowing functions used on
the reference impact force signal and the response signal are force-exponential window and an exponential
window respectively. Additionally, a 1/2 inch (B&K-type 4940) microphone is placed at the center of the
steel plate to measure the radiated noise due to an impact excitation. A sampling frequency of 4096 Hz
along with 0.5 Hz frequency resolution is used to acquire noise data. The accelerometer, microphone and
the impact hammer are all connected to a LMS SCADAS [11] data acquisition unit. The measurements
are recorded and processed using the LMS Test.Lab software [12]. The impact direction is normal to the
surface of the component at all locations, as component’s out-of-plane dynamic behaviour is considered to
be significant. A set of five averages are used, at all locations, to avoid noise contaminations in the response
signals. The vibration and noise measurements are carried out for all four plates in a semi anechoic chamber
to minimize the influence of any background noise.

Figure 5: Structural and Acoustic FRF measurement set-up

The structural frequency response functions (FRF) are obtained by normalizing the vibration acceleration
levels with reference to an input impact force. Hence, inertance a/F is obtained at all impact locations of
the components. Similarly, the noise transfer functions (NTF) are obtained by dividing the acoustic sound
pressure by the impact force. Hence, NTF is denoted as p/F. The experimental modal tests are carried out on
all four plates and simultaneously NTFs are also obtained.

5.2 Structural FRF results—before and after shot peening

The natural frequencies of all the four plates are obtained from experimental modal testing as described in
section 5. Table 2 shows the comparison of first ten natural frequencies between the two plates before and
after shot peening process. It can be seen from the results that natural frequencies are reduced after shot
peening process, although the percentage of reduction is not very significant. Figure 6a shows comparison of
R2 plate at point-3. The solid line in the figure represents FRF of non-peened plate and dotted line represents
FRF of shot peened plate. Figure 6b shows T2 plate FRF comparison at point-3. The solid line in the
figure represents FRF of non-peened plate and dotted line represents FRF of shot peened plate. The FRF
amplitude levels after the shot peening process are considerably reduced when compared to those of the base
configuration.

5.3 Damping change due to shot peening

The damping values of the plates are obtained from the modal testing. Figure 7 a shows the average damping
value results of plates T1 and T2 before and after the shot peening operation. Similarly, Figure 7 b shows the

VIBRO-ACOUSTIC MODELLING AND PREDICTION 4563



Sl. No
Transverse direction Rolling direction

T1 T1-SP T2 T2-SP R1 R1-SP R2 R2-SP
1 87 84 88 85 88 85 88 86
2 249 241 249 243 250 243 250 243
3 319 304 322 305 322 299 319 302
4 489 475 492 478 492 477 493 478
5 661 634 666 638 662 628 662 634
6 809 786 813 791 812 789 814 791
7 1040 995 1045 1004 1038 994 1041 999
8 1206 1173 1213 1183 1209 1178 1214 1182
9 1452 1386 1463 1400 1449 1386 1457 1394
10 1684 1639 1693 1654 1687 1645 1694 1653

Table 2: Comparison of natural frequencies of plates before and after shot peening process

Figure 6: Comparison of structural FRFs of point-3 a) T2 plate b) R2 before and after shot peening process

average damping values of plates R1 and R2 before and after shot peening. The results from plates before
shot peening is represented by solid black line whereas the results after shot peening is represented as

Figure 7: Comparison of averaged damping values in a) Transverse direction plate b) Rolling direction plate
before and after shot peening process

dotted black line. The results show clear changes in the modal damping values of the plates. There is larger
influence of shot peening operation on damping at the lower frequency modes compared to higher frequency
modes. The changes in the damping are much larger for the torsional modes compared to the bending modes
of the plate.
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Figure 8: Comparison of acoustic transfer functions between point-3 and microphone in a) Transverse direc-
tion plate b) Rolling direction plate before and after shot peening process

5.4 Acoustic NTF results—before and after shot peening

Acoustic NTF is defined as the ratio of the radiated sound pressure and the impulse force input to the plate.
The acoustic NTF gives an indication of the efficiency of the sound radiation at various frequencies. This
can be compared between different plates as the output pressure is normalized by the input force. Figure 8a
& Figure 8b show the acoustic NTF or acoustic response from the plates T1 and R1 respectively. The graphs
compares the acoustic response measured before shot peening and after shot peening the plates. The results
clearly show a significant reduction in the acoustic response from the plates after they are shot peened.

6 Simulation results

6.1 Vibro-acoustic behaviour—Before shot peening

The plate has a thickness of 1.5 mm and is made of IS 513 CR0 grade. The FE model of the plate is shown
in Figure 9. The plate mesh consists of quadrilateral elements with an element size of 2.5mm. The mesh
consists of 2541 nodes and 2400 quadrilateral elements. The density, modulus of elasticity and Poisson ratio
of the blank material are 7850 kg/m3, 2.1×105 MPa and 0.3 respectively.

Figure 9: Schematic of FE & BEM model of the plate
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The mass of each accelerometer (10.5 g) is considered using “CONM2” elements at the respective node
location in the FE model, to account for the mass loading. The modal analysis of the component is carried
out using LMS.Virtul Lab [13] software. The modal analysis is carried out in free-free conditions. The
comparison of natural frequencies between simulation and experiments is shown in Table 3. It can be seen
from the results that the correlation between results is good as the highest percentage difference is about 4.3,
for the first ten natural frequencies. The harmonic analysis is carried out by exciting the plate in the normal
direction at point-1(shown as yellow sphere in the Figure 9 ) by specifying a unit force. The harmonic
analysis is carried out between 1-1000 Hz. and 1 Hz. frequency resolution.

Sl.No Simulation Experiment % difference
1 88 87 1.1
2 250 244 2.5
3 322 318 1.3
4 492 481 2.3
5 662 649 2.0
6 812 798 1.8
7 1038 1002 3.6
8 1209 1196 1.1
9 1449 1389 4.3

10 1687 1674 0.8

Table 3: Comparison of natural frequencies between simulation and experiments before shot peening process

The acoustic transfer vectors are computed using boundary element method (BEM), using the same mesh.
The surface velocities obtained using finite element harmonic analysis are mapped on to the acoustic mesh.
The noise transfer function between point-1 and the filed mesh (shown as a yellow sphere in air medium)
is computed for the same frequency range as described in harmonic response analysis. The comparison of
experimental and simulation acoustic transfer functions is shown in Figure 10. The match between simulation
and experimental results is good and hence FE model can be considered accurate.

Figure 10: Comparison of acoustic FRF in non shot peened condition between point-1 and filed point of the
plate
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6.2 shot peening simulation results

6.2.1 Residual stress results

In order to understand the magnitude of compressive residual stresses and their distribution, a brief attempt
is made to simulate the shot peening process. This simulation results will help to qualitatively characterise
the impact of the shot peening process parameters on the residual stresses induced in the component. The
analysis is carried out through explicit FE method using Abaqus software [14]. The plate is modelled using
a four-noded S4R shell elements,as the stress distribution along the thickness is assumed to be negligible.
The plate is fixed along the edges to represent the clamped boundary condition. The plate is impacted using
steel balls of 2.5 mm radius. The steel balls are assumed to be rigid and hence no plasticity effects are
considered. It is very cumbersome to model the impact of these balls using the finite element method. The
discrete element method (DEM) [15] is used to simulate the dynamics of the steel balls on the metallic
surface. The PD3D elements are used for simulating the projectile motion and collision against the parent
metallic component of the steel balls. The Figure 11 shows the compressive residual stress distribution in the
plate. The maximum stress value shown is 300 MPa, which is comparable to experimental value as shown
in section 4.2. Hence, it can be concluded that the shot peening parameters chosen in the simulation study
predicted stress values with a reasonable accuracy.

Figure 11: Residual stress distribution due to shot peening process.

6.2.2 Vibro-acoustic behaviour—After shot peening

This simulation model can be used for predicting stress values by varying the shot peening parameters.
The results of this analysis can be used to arrive at different stress value by varying shot peening process
parameters. These shot peening process parameters are in turn are used for carrying out actual shot peening
process of the component. The experimental modal testing of these plates are carried out to establish a
relationship between the stresses and the damping values. However, in the current study experiments are
performed for only one particular stress state of the plate and damping values are obtained from experimental
modal testing as described in section 5.3. These damping values are used for computing NTFs of the plate.
The combination of FEM & BEM, as described in the section 6.1, are used for computing NTFs. The
comparison of NTFs betwen simulation and experimental results of point-1 and field point mesh is shown
in Figure 12. The result match can be considered reasonable and hence this methodology can be used for
predicting NTFs of the plate.
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Figure 12: Comparison of acoustic FRF in non shot peened condition between point-1 and filed point of the
plate

7 Conclusions

The shot peening process increases the residual compressive stresses significantly and creates a homogeneous
stress field, when appropriate shot peening process parameters are used. The induced stress field changes the
material phase and hence enhances the damping of the plates significantly. In the present work shot peening
process increased the residual stress in both the longitudinal and transverse directions from approximately
50 MPa to about 300 MPa. The increase in stresses values results in significant increase in damping values.
Hence, noise transfer functions after carrying out the shot peeing process reduced considerably. Also, a brief
attempt to simulate the shot peening process using a combination FE and DEM is made. The results of this
analysis can be used to arrive at shot peening process parameters to obtain the desired stress values. The
experimental modal testing is carried using the shot peened plate to develop a relation between compressive
stresses and damping values. This damping relationship can be used for computing and optimization of the
component’s noise transfer functions. The authors plan to carry out residual stresses inclusion—arising out
of shot peening process—in the vibro-acoustic simulation,as future research work.
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